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Abstract 
Good oral health is crucial to everyone. Good oral hygiene together with a good 
balance of oral microbiome helps in sustaining the body’s natural defence 
mechanisms against various diseases. In the new global economy, preventive and 
restorative dental solutions have been instrumental in our understanding of prevalent 
dental caries and periodontal defects. In light of increasing awareness about oral 
hygiene and overall health, it is becoming extremely difficult to ignore the fact that 
to date, no dental filler has completely replicated the physiochemical and mechanical 
properties of natural tooth. The success of a restorative material completely depends 
on its interaction with the oral tissues and inflammatory responses of the body. The 
inherent hierachal organization of human tooth structures based on micro and nano-
meter scale indicates a great opportunity for developing biomimetic nanomaterials 
for its regeneration. Therefore, several members of the calcium orthophosphate 
family are extensively explored for orthopaedic and dental applications. Of these, 
hydroxyapatite, a main mineral component of enamel, dentin and bones is used 
extensively for a wide range of biomedical applications. Due to its characteristics 
like bioactivity, bone-conduction, non-toxic, non-allergic, non-mutagenic, size 
effects and surface phenomenon, nano-hydroxyapatite has been identified a as a 
major candidate for restoration and repair of damaged tooth enamel and dentin. For 
building up an effective and efficient composite material, the particle’s 
characteristics like shape, size, structure, chemical composition and synthesis 
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parameters, (temperature, pH, sonication etc) need to be thoroughly investigated. 
This has thus been the main thrust of this thesis.  
 
The thesis is composed of three parts. The first part, systematically reviews the 
current state of nanotechnology based preventive and restorative dental materials and 
products currently available in the market place. Other nano-material based products 
are also explored and evaluated. The second part of thesis looks at the fundamental 
properties and synthesis parameters of hydroxyapatite when compared to other 
calcium phosphate phases. A special emphasis is laid on the combined ultrasonic and 
microwave synthesis of pure ultrafine hydroxyapatite powders and several ion 
substitutions, (e.g. magnesium, silica). These substitutions were investigated to best 
mimic the natural trace elemental profile properties of tooth enamel and dentin. This 
research project, develops, optimises and validates the development of a combined, 
ultrasonic and microwave synthetic process for producing hydroxyapatite and metal 
substituted hydroxyapatite, (HAP) powders. Using XRD, FESEM, TEM, FTIR and 
modified Williamson-Hall analysis the nanoscale matter were characterised. The 
remaining part of the thesis addresses the applicability of developed pure and 
substituted powders as a candidate for a nanocomposite material for dental 
applications. The nanoscale materials developed in this thesis were mapped against 
current commercial dental products and for future optimisation as an innovative 
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Chapter 1: Introduction 
1.1. Background 
Good oral health/hygiene has been of great importance to humanity for thousands of 
years and continues today. Research showed that oral disease affects about 3.9 billion 
people worldwide, with dental caries, gum disease and oral cancers affecting almost half 
of the world’s population [1, 2].  Of these oral diseases, severe periodontal (gum) 
disease and untreated tooth decay in milk teeth are among the most prevalent of all 
conditions globally [3]. Dental decay is increasingly recognized as a worldwide public 
health concern affecting mostly children in UK and US. About 67% of parents in UK 
reported their child experiencing some form of dental pain and each child with tooth 
decay has an average of 3 or 4 teeth being affected [4]. An average cost to the NHS for 
treating oral health conditions on children’s dental care is about £3.4 billion per year 
[4]. In US, the prevalence of total dental caries and untreated dental caries among 2-19 
years was reported to be 45.8% and 13.0% respectively in 2015-16 [5]. Moreover, the 
treatment of severe childhood caries can cost up to $1725, with an additional dental care 
cost of $6000 if hospitalized and treatment is required under general anesthesia [6]. In 
Australia, survey data showed that recurrent expenditure on dental services accounted to 
about $8,706 million in 2012–13 [7]. But it was not until the middle of the 20
th
 century 
that significant progress was made in developing materials, implants and protocols for 
preventative and restorative dental applications. Since then a large number of studies 
have been undertaken to improve oral health care by the use of a variety of preventative 
and restorative dental treatments. In recent years, oral health has become increasingly 
important, since a dental treatment is one of the most frequent medical procedures 
performed on a human being. A major factor contributing to the increased demand for 
this kind of treatment, is the frequent consumption of acidic foods and beverages 
common in today’s diets, which significantly accelerates tooth erosion and 
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demineralization [8, 9]. Thus, dental treatments range from preventative protocols 
(mouthwashes and toothpastes), filling cavities (dental caries) to completely replacing 
damaged or decayed teeth. The human tooth is composed of different types of calcified 
tissues, which categorises a tooth as hard tissue. These calcified tissues consist of 
enamel, dentine and cementum as shown in Figure 1.1.  
 
 
Figure 1.1: A schematic of cross-sectional representation of a healthy tooth showing 
the internal structures forming the crown and the root sections. 
 
All teeth consist of two main regions, the upper crown and the lower root, which are 
demarcated by the gingiva (gum).  The upper crown, has a thin surface covering 
(<1mm) of highly mineralised (~90%) calcium salts that are arranged as fine crystallites 
running perpendicular to the surface. This surface covering, known as the enamel, is the 
hardest and most brittle part of the tooth. The inner and supporting calcified tissue is the 
dentine, which is less mineralised (~70%) than the enamel. The dentine’s microstructure 
consists of fine circular liquid filled tubules (1 to 3 µm in diameter) running through to 
the central pulp chamber containing the nerve. In the lower root region, instead of 
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enamel, a mineralised (~45%) coating known as the cementum covers the tooth. The 
cementum attaches to the surrounding thin periodontal ligament to form a tight collar 
within the alveoli located in the maxillary (upper) or mandibular (lower) bones [10]. 
Thus, the composition and complex structure of teeth enables them to resist a variety of 
forces (compression, flexural, torsional and combinations of these forces) during 
chewing or mastication. The various physiochemical and mechanical properties of teeth 
allow them to recover from the forces exerted by mastication and chewing, resist the 
effects of acidic foods and beverages, demineralisation, wear and age [11, 12]. 
 
Many diseases involving teeth like dental caries can have a negative impact on 
mineralisation levels. This results in demineralisation and compositional alterations 
within the tooth, which subsequently produces detrimental changes in physiochemical 
and mechanical behaviour of teeth [13]. These chemical changes in the tooth weaken its 
structure and reduces its load bearing capacity. This situation is further exacerbated by 
the presence of large numbers of acid-tolerating bacteria present in tooth plaque, which 
enhances the growth of dental caries. Clinical studies have shown, once the tooth is 
compromised, growing numbers of oral bacteria can accelerate further decay and 
significantly reduce structural and mechanical integrity of the tooth [14]. In this respect, 
both dental preventative strategies and restorative materials have received considerable 
interest in recent years by numerous researchers and commercial companies. The main 
strategy of preventive dentistry is management of plaque, with the aim of eliminating it 
and preventing tooth decay. To this end a wide range of health-care products have 
entered the market place over the years. In recent years several nanomaterials have been 
incorporated into a variety of oral health-care products like toothpastes, mouth pastes 
and liquid formulations [15]. While the goal of restorative dentistry is to use 
biocompatible materials to replace lost tissues resulting from disease processes, and to 
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restore full mechanical integrity as seen in Figure 1.2 [16]. Currently, a large range of 
materials are used in dental procedures like cavity fillings, cavity linings, crown and  
 
 
Figure 1.2: A schematic representation of stages dental decay and types of restorative 
treatments currently available 
 
bridge, endodontics, luting, periodontal, prosthetics and orthodontic. The main objective 
of these various materials in the respective restoration is to have identical properties to 
natural adjacent dental tissues, to perform well under masticatory conditions and to have 
a long operational life [17]. In particular, the use of filler materials is one of the most 
common dental procedures performed on humans and animals. Studies have shown that 
different dental fillers behave differently in the hostile oral environment, in which pH, 
salivary flow and mastication loads rapidly fluctuate [18, 19]. Furthermore, filler 
materials used to treat dental caries are not only expected to fill and seal the cavity, but 
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they are also expected to prevent further bacterial invasions, restore the lost aesthetics, 
and preserve the remaining pulp and tooth structure.  
 
To date no dental filler has completely replicated the physiochemical and mechanical 
properties of natural teeth [20]. For instance, metallic amalgams were traditionally used 
to replace the lost tooth tissue in order to restore mechanical function for more than a 
century. However, studies in recent decades have reported the serious health concerns 
regarding the release of toxic mercury ions from amalgams and their use has steadily 
declined [21, 22]. Although many non-amalgam based dental fillers were initially 
successful, they are now challenged by recurrent caries that ultimately leads to their 
failures [23]. These failures levels resulting from secondary caries are being reported as 
large as 50 to 60% for many dental materials [24, 25]. Studies have reported that high 
failure rates result from factors like: 1) modelling the dental material to fit the prepared 
tooth cavity; 2) poor sealing between dental material and cavity wall, resulting in micro-
leakage; 3) material deterioration over time; 4) material discolouration over the life of 
the restoration, and 5) tooth sensitivity after the restoration procedure [26, 27]. Because 
of these factors, research has focused on developing new dental composites with 
improved material properties that are closer in structural and mechanical formulations to 
natural structures [28].  
 
Moreover, studies have shown that success of dental filler depends on its interactions 
with surrounding oral tissues. For instance, poor integration or inflammatory response 
from surrounding tissues resulting from infection leads to material rejection and 
restoration failure [29, 30]. During treatment, the wound area is exposed and generally 
invaded by microbes and oral cells trying to colonise the surface of the dental material, 
a phenomenon known as “the race for the surface” [29]. If colonising by oral cells is 
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successful, infection is minimized, and the restoration surface is ultimately covered with 
oral cells. However, if the invading microbe numbers are greater, this results in the 
formation of a biofilm, and the oral tissues are prevented from integrating with the 
dental material. The lack of interaction results in poor integration and ultimately leads to 
restoration failure and need for revision procedures [31].  Thus, the behaviour of 
interacting oral tissues and inflammatory responses resulting from infection determine 
the success of the restoration material [32]. For this reason several members of the 
calcium orthophosphate family, with Ca/P molar ratios ranging from 0.5 to 2.0 have 
been extensively used in orthopaedic and dental applications [33, 34]. Among the 
calcium orthophosphates, hydroxyapatite [HAP: Ca10(PO4)6(OH)2], with a similar 
chemical composition to the main inorganic component found in the mineral phase of 
hard tissues is the most widely used member [35]. Its widespread use stems from its 
good biocompatibility, slow biodegradability in situ and good osteoconductivity 
towards bone cells and other cellular tissues [36, 37]. Its bioactive properties facilitate 
new bone formation, promote tissue integration and reduce healing time. For this reason 
metallic implants like cobalt-chromium alloys, stainless steels and titanium alloys are 
coated with HAP to promote new bone formation and enhance osteointegration [38]. 
From a dental perspective, HAP-based materials (generally white coloured) are used to 
treat problems like surface discolorations, voids and chips in teeth. In recent years, 
nanometre scale forms of HAP have also been used to repair damaged enamel and used 
as a re-mineralizing agent in toothpastes [39, 40]. Also granular and powder forms of 
HAP are used in several dental treatments such as: 1) restoration of periodontal bone 
defects [41]; 2) edentulous ridge augmentation [42]; 3) increasing the thickness of 
atrophic alveolar ridges; 4) filling bone defects after cystectomy; 5) endodontic 
treatment procedures such as repairing bifurcation perforations and pulp-capping [43, 
44] and 6) dental implant coating [45]. Differently shaped HAP blocks are used in 
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maxillofacial surgery to repair and reconstruct bone damage after trauma or disease. 
Furthermore, both micro-scale and nano-scale forms of HAP have been used as fillers 
for reinforcing GICs and restorative resin composites [46, 47]. 
 
From another perspective, biological forms of HAP found in bones and teeth are 
nonstoichiometric and display variable elemental deficiencies in Ca, P and OH. 
Nonstoichiometric HAP also contains small amounts of materials like fluoride, 
magnesium, potassium and sulphate, strontium, sodium and silicon [48]. The presence 
of these small concentrations of substitution ions modifies the crystallographic 
properties without major changes to HAPs hexagonal crystal structure [49]. However, 
the influence of these substitutions changes the physiochemical properties (i.e. 
dissolution rate, solubility and surface chemistry), biological activity and interactions of 
HAP based materials (bones, enamel and dentin) with surrounding tissues under 
physiological conditions [50]. To date, the influence of these ionic species in HAP has 
not been fully elucidated. But studies by Carlisle revealed the role of small 
concentrations of silicon in the early stages of bone formation and calcification in young 
mice and rats [51, 52]. While in vitro and in vivo studies have also confirmed the 
importance of silicon in the growth and development of hard tissues [53, 54]. Similar 
studies have found the importance of other trace elements like magnesium (Mg) in 
calcified-tissues like bone (0.72 % by wt.), dentin (1.23% by wt.) and enamel (0.45% by 
wt.) [55]. The presence of small quantities of Mg acts like a growth factor during the 
early stages of osteogenesis, where the Mg
2+
 ions promote alkaline phosphatase (ALP) 
activity, growth of osteoblasts and growth of bone mesenchymal stem cells [56]. These 
studies have shown the beneficial advantages of small concentrations of trace elements 
like Si and Mg HAP. Thus, the inclusion of trace elements in nanometre scale–based 
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HAP materials for preventative and restorative dental procedures in the future is 
expected to improve oral health and benefit patients in the long-term. 
 
The present work has developed a combined ultrasonic and microwave technique for 
producing a variety of pure ultrafine nanometre scale HAP powders and several metal 
ion substituted HAP powders with non-spherical morphology. Importantly, dental 
enamel and dentine have hierarchical structural features at both the micrometre scale 
and nanometre scale [57, 58]. On the nanometre scale, enamel consists of highly 
crystalline calcium hydroxyl apatite crystallites that are parallel with each other, and are 
around 68.3 ± 13.4 nm wide, 26.3 ± 2.2 nm thick, and are between 100 and 1,000 nm 
long in mature adults [59]. While the dentine structure consists of a three-dimensional 
matrix composed of type I collagen fibrils reinforced by HAP crystallites that are 
typically around 20 nm in size [60]. However, HAP powders produced under the 
influence of ultrasonic irradiation have a spherical morphology [61, 62]. The combined 
ultrasound/microwave technique developed and optimised in this work, and the 
subsequent annealing step was capable of producing nanometre scale powders 
composed of crystallites with rod-like morphology that were similar in size to those 
found in enamel and dentine. Both the pure and metal ion substituted HAP powders 
were investigated using advanced characterization techniques such as X-ray diffraction 
(XRD), field emission scanning electron microscopy (FESEM), transmission electron 
microscopy (TEM), and Fourier transform infrared spectroscopy (FT-IR). The present 
work also used the XRD data to characterise lattice structural parameters like strain, 
deformation stress and energy density present in the annealed (800 °C) samples using 
modified Williamson-Hall analysis, namely, uniform deformation model (UDM), 
uniform stress deformation model (USDM) and uniform deformation energy-density 
model (UDEDM). Also from the modified Williamson-Hall analysis, the influence of 
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the small concentrations of metal ion dopants on the crystallographic properties of 
HAPs hexagonal crystal structure was also determined. 
 
1.2.  Scope of thesis 
The ultimate goal of dentistry is to provide the best oral health care to its patients. 
Modern dentistry offers a broad range of preventative and restorative treatments for a 
wide range of oral health issues. However, in spite of the efforts made by thousands of 
dental professionals and health organisations around the world in promoting good oral 
hygiene and fluoridation, preventative measures and the early treatment of oral diseases, 
there are still on-going challenges. The most frequent and widespread disease found in 
the oral cavity is dental caries. Therefore, the first and most important objective of 
dentistry is the early prevention of tooth decay rather than invasive restorative 
treatments. However, if prevention strategies fail, then effective restorative treatments 
are needed to restore the dental function and to re-establish the patient’s oral health. 
Recent studies have shown that nanotechnology not only has the potential to deliver 
novel strategies and materials for preventive treatments like the management of 
bacterial biofilms and re-mineralization of teeth, but can also provide novel 
nanomaterials for use in restoration strategies. For instance, developing inorganic 
nanometre scale fillers for inclusion in conventional dental resins to reduce shrinkage 
rates could be one of the potential restorative approaches [63]. Hence, the present work 
has developed a combined ultrasonic and microwave technique for producing a variety 
of nanometre scale HAP-based powders that have the potential to be incorporated into a 
variety of novel products capable of delivering more effective health care strategies. 
 
To achieve this goal, the scope of the thesis is composed of three parts. The first part of 
the thesis presents an extensive literature review that provides an overview of the 
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current state of research and progress made in producing a variety of commercially 
available nanotechnology-based preventative and restorative products. The review 
“Progress of Nanomaterials in Preventative and Restorative Dentistry” begins by 
discussing tooth structure, the oral microbial environment and dental health issues like 
caries, periodontal diseases and systematic diseases. Then an extensive examination of 
current nanotechnology-based preventative and restorative products currently available 
in the market place is demonstrated. The review discusses the advantages of these new 
nanomaterial-based products. In particular it highlights how these new materials offer 
improved physiochemical and mechanical properties, combined with enhanced 
aesthetics that makes them superior restorative materials in several dental procedures. 
This is followed by a discussion of the shortcomings of these products, the potential 
health and safety risks associated with using nanomaterials in dentistry. The review also 
examines future perspectives, knowledge gaps and suggestions for future research 
needed in this rapidly developing field. 
 
The second part of the thesis focus on developing and optimising a combined 
ultrasound/microwave heating process for generating nanometre scale powders 
composed of rod-like crystallites that have similar material properties, size and shape to 
crystallites found in enamel and dentine. During the optimisation studies, the research 
evaluated the chemical synthesis route that used calcium nitrate [Ca(NO3)2] and 
potassium hydrogen phosphate [KH2PO4] as the main precursor materials. Ammonium 
hydroxide [NH4OH] was used to control the pH levels in reactive solutions during 
ultrasonic irradiation. The crystalline nature and functional groups present in the 
products produced after ultrasonic treatment (before microwave heat treatment) and 
after the microwave heating treatment were characterised using X-Ray diffraction 
(XRD) and Fourier transform infrared spectroscopy (FT-IR). While field emission 
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scanning electron microscope (FESEM) was used to evaluate the size and shape of the 
powdered nanoparticles and data from XRD studies was used in the Williamson-Hall 
analysis to study the lattice structural parameters like strain, deformation stress and 
energy density present in the annealed (800 °C) samples. The results of the 
experimental were summarised and presented in Case Study 1 “Ultrasonic and 
microwave assisted fabrication of nanorods of hydroxyapatite crystallites and X-ray 
peak profiling using Williamson–Hall method as a potential Dental Restorative 
material”. 
 
The third and final part of the thesis consists of two case studies. Each case study 
examines the influence of a small concentration of ions (Mg & Si) on the 
crystallographic properties and hexagonal crystal structure when incorporated into HAP 
during the ultrasonic processing stage of the synthesis technique. The metal ion 
substituted HAP powders investigated included: 
Case Study 2 “Ultrasonic assisted synthesis, characterization and Williamson–Hall 
based X-ray peak profile estimation of lattice strain in Magnesium substituted 
nanocrystalline hydroxyapatite powders”. 
Cast Study 3 “Ultrasonically engineered silicon substituted hydroxyapatite 
nanoparticles: synthesis, characterization and property evaluation”. 
 
In each case study, the respective metal ion substituted nano-HAP powders were studied 
using (XRD), (FT-IR) and (FESEM) to evaluate the crystalline nature, functional 
groups present, and the size and shape of nanoparticles produced. In addition, a 
modified Williamson-Hall analysis was also used to determine the lattice structural 
parameters like strain, deformation stress and energy density present in the annealed 
(800 °C) samples of each ion substituted HAP powder. 
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1.3.  Aims of thesis 
The ultimate goal of modern dentistry is to deliver the best oral health benefits to 
patients. However, in spite of global efforts, dental and health organisations delivering 
good oral hygiene and prevention are challenging. In spite of decades promoting oral 
hygiene and fluoridation by many dental organisations, preventative strategies are 
challenging and demanding. The most frequent and widespread oral disease found in 
humans is dental caries. It is exacerbated by the frequent consumption of acidic, 
carbonated or sugary foods, which significantly accelerates the rate of enamel erosion, 
discoloration and demineralization [9]. Crucially, if dental caries are not immediately 
treated, decay rapidly progresses through the dentine towards the root canal and pulp. 
On reaching the pulp, the pulp becomes infected and subsequently dies resulting in 
tooth death and ultimate extraction [64]. Therefore, the first and most important 
objective of dentistry is to provide preventive solutions rather than invasive and 
expensive restorative treatments. And when restoration treatments are needed, use 
dental materials that restore dental functionality and prevent recurrent caries. 
Accordingly, there is considerable interest in developing new nanotechnology-based 
methods to produce innovative dental products and improve the performance of 
traditional dental approaches [65].  
 
The present work focused on three aims, which delivered the research needed for 
developing a new combined ultrasonic and microwave heating method for producing 
ultrafine nano-HAP based powders for incorporation into traditional dental products and 
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Aim 1 
To carry out an extensive literature review that provides an overview of the current state 
of research and progress towards delivering a variety of nanotechnology-based 
preventative and restorative dental products.    
 
Aim 2 
To develop and optimise a combined ultrasonic and microwave heating based process 
for generating nanometre scale powders composed of rod-like crystallites that have 




To produce metal ion substituted nano-HAP powders for potential use in repairing 
damaged enamel and dentine, and promoting bioactivity and re-mineralisation. In 
addition to (XRD), (FT-IR) and (FESEM) characterisation, Williamson-Hall analysis is 
carried out to determine the lattice structural parameters like strain, deformation stress 
and energy density present in the respective doped nano-HAP powders. 
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Chapter 2 – Literature Review: 
Progress of Nanomaterials in Preventative and Restorative Dentistry 
 
2.1. Overview and author contributions  
Since antiquity oral care has always been of great importance to humanity. But it 
was not until the latter half of the 20
th
 century that significant progress towards 
implementing preventative strategies and developing new restorative treatments was 
made. In recent years nanotechnology-based techniques have attracted considerable 
interest due to the unique properties that manufactured nanomaterials possess and 
display. Accordingly, interest has focused on understanding the physiochemical and 
mechanical properties of these new nanomaterials for potential use in dentistry. 
Importantly, modern dentistry focuses on two strategies, namely, preventative and 
restorative. In the first strategy, preventive dentistry focuses on managing dental 
plaque and preventing tooth decay. To this end, a number of nanomaterials have 
been added to a range of traditional oral health-care products like toothpastes, mouth 
pastes and liquid formulations in recent years. The second strategy focused on 
restorative dental treatments. These procedures use a variety of dental materials to 
replace the lost dental tissues resulting from damage or disease processes. The 
ultimate objective is to fully restore the physical and mechanical functioning of the 
teeth within the oral cavity. Presently, several nanomaterials are used in both 
preventative and restorative dental procedures and current trends indicate the growth 
in the use of nanomaterials in dental applications will continue well into the future. 
This trend is also expected to improve oral health and benefit the patients in long-
term. The present chapter contains an extensive literature review article, which 
addresses the objective of aim 1. That is to provide an overview of the current state 
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of research and progress towards delivering a variety of nanotechnology-based 
preventative and restorative dental products.  
 
Contributions made to this review article were made by several authors, who assisted 
S Rattan in producing this publication. The first author was S Rattan and 
significantly contributed to the content of the paper under the supervision of G 
Poinern, who provided the overall concept of the review. Both M Tennant and J 
Granich provided technical (dental) assistance to S Rattan during the preparation of 
the review. While, D Fawcett provided technical assistance to S Rattan during the 
preparation and final revision of the review. All text, tables and images were 
developed and written by S Rattan. All authors provided feedback during the 
preparation of the review, which was coordinated by S Rattan. All authors 
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 This review discusses the current nanotechnology based preventive and 
restorative dental solutions. 
 Knowledge gaps and shortcomings of the existing and emerging dental 
nanomaterials. 
 Dental filler products in light of oral microbial environment 
 Potential approach to use hydroxyapatite nanoscale materials as an 
alternative to current dental composites 
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Abstract 
To date, many studies have examined the development and use of novel materials, 
enhancing the performance of existing dental composites and improving methods for 
restoring tooth structure. In recent years, nanotechnology-based techniques have 
been used to develop a variety of nanomaterial-based dental products aimed at 
conservative dentistry applications. These new nanomaterial-based materials offer 
improved physiochemical and mechanical properties, combined with enhanced 
aesthetics that makes them superior restorative materials in several dental 
procedures. This review discusses tooth structure, the oral microbial environment, 
chronic dental diseases such as dental decay (or caries), and periodontal disease, as 
well as systemic diseases in light of nanotechnology-based preventative and 
restorative dental filler product advancements. Considerations regarding human 
health and safety associated with the use of nanomaterials in dentistry are discussed. 
Lastly, knowledge gaps and limitations including future perspectives warranting 
further research are outlined. 
 
Keywords: conservative dentistry, nanotechnology, nanomaterials, dental decay, 
caries and periodontal disease  
 
1. Introduction 
Historically, dental care procedures are believed to have started around 7,000 BC 
with holes being made in teeth to remove tooth decay. Later the Sumerian’s (~5000 
BC) explained the reason for tooth decay (or caries), with their manuscripts 
describing “tooth worms” as being the cause for tooth deterioration and decay. While 
ancient Egyptian texts from around 2500 BC reported the use of gold wire ligatures 
to stabilize loose teeth and prevent their loss [1]. Other early civilisation also made 
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efforts to restore the function of diseased teeth. Both the Etruscans (~500 BC) and 
the Phoenicians (~300 AD) carved replacement teeth from materials like oxen bones 
and ivory, and then using gold wire, fix the replacement in place [2, 3]. While in the 
America, Mayans (~600 AD) used carved shells and Honduran’s civilisations (~800 
AD) used fashioned stone to replace mandibular teeth [4]. But it was not until the 
18th century in Europe that dentistry became more scientific, with early dentists like 
Pierre Fauchard identifying acids and sugars as the drivers for dental decay. His 
studies also presented concepts such as repairing teeth with dental fillings, using 
teeth braces and dental implants. It was also during this period that teeth were 
collected from cadavers or the poor for use in patients. This practise continued for 
many years until the development of replacement porcelain teeth in the 19th century 
[2]. It was during the early part of the 20th century that significant and rapid 
developments in new materials and implants for dental applications emerged. And, 
by the middle of the century, the use of biocompatible metals like stainless steel and 
cobalt-chromium-molybdenum were being extensively used. While during the 
second half of the century saw the use of titanium alloys in dental restorative 
procedures to return masticatory functions to patients [5,6]. By the end of the 20th 
century, dental restorations were broadly classified into six categories, namely, 
filling materials, crowns, implants, bridges, dentures and Inlay or on-lay restorations. 
All of these restoration procedures can be carried out by either direct or indirect 
methods. In direct restorations the damage is repaired, decayed tissue is removed and 
the cavity is filled with a suitable filler material in situ. While indirect restoration 
methods involve the fabrication of a replacement tooth or implant outside the 
patient’s mouth, following a direct cemented replacement in the mouth during a 
subsequent visit. 
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However, it is interesting to note that while human kind has been grappling with 
dental issues for a long time and that despite many scientific developments and 
medical advancements, dental treatment is still needed today. Significantly, dental 
related diseases affect almost everyone at some stage of life [7]. In the UK alone, 
each child has on average 3 to 4 teeth affected by tooth decay and the average NHS 
cost of treating oral health conditions on children’s dental care is about £3.4 billion 
per year [8]. Dental decay is increasingly recognized as a worldwide public health 
concern affecting mostly children in UK and US and is an ever-increasing burden to 
governmental and private health cost. In Australia, survey data showed that recurrent 
expenditure on dental services accounted to about $8,706 million in 2012–13 [9]. 
These statistical highlights have clearly revealed the urgent need to address the 
importance of preventive and restorative strategies for better dental hygiene and 
practices. 
 
A variety of traditional restorative materials (metals, polymers, ceramics and 
composites) are currently being used in dentistry across the world. These materials 
are expected to perform in a very hostile environment, in which pH, salivary flow 
and mechanical loads rapidly fluctuate during day and night. Furthermore, in the 
treatment of dental caries, filler materials are not only expected to fill and seal the 
cavity, but are also expected to prevent further bacterial invasions, restore lost 
aesthetics, and preserve the remaining pulp and tooth structure [10]. However, in 
spite of the many advantageous physiochemical and mechanical properties of these 
materials, no material has yet proven to be ideal for all dental applications [11]. For 
example, traditional dental amalgams are composed of elemental mercury (42 to 
50%), silver (22 to 32 %), tin (14%) and copper (8%) have been extensively used in 
dental restoration for over a century [12,13]. Importantly, their use in dental fillings 
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is straightforward procedure and begins with the amalgam being mixed. Once mixed, 
the amalgam is packed into the prepared dental cavity where it sets and forms a hard 
filling with similar mechanical properties to the surrounding tooth. Unfortunately, 
toxicity studies carried out in the early 1980s revealed significant amounts of 
mercury leaching from amalgams. Subsequent patient blood tests by Abraham et al., 
revealed increased mercury levels in blood samples following mercury amalgam use 
[14,15]. This posed significant concern, since elevated mercury levels in the blood 
have been associated with certain diseases like chronic fatigue syndrome and 
fibromyalgia [12]. Further amalgam toxicity research, revealed that modern 
amalgams tend to be less stable than more traditional amalgams, concluding that 
mercury vapour emission rates from modern amalgams were typically ten times 
higher [16]. This body of evidence for amalgam leaching resulted in the 
establishment of several anti-amalgam advocacy groups whom are lobbying 
governments globally to restrict or eliminate the use of amalgams in dental 
restoration, especially among children [17]. Another problem associated with the use 
of amalgams is the silver-grey colour. For consumers this is, not aesthetically 
pleasing. Thus, alternative materials are constantly being developed and evaluated as 
possible replacements for amalgams [18], such as composite resins. These polymers 
have emerged as more aesthetically appealing restorative materials. However, 
composite resin’s restorative integrity is questionable with secondary caries rates 
between 50 to 60% [19,20] as a result of composite resin micro-leakage which 
typically forms at the interface between the prepared tooth cavity and the restorative 
resin [21]. This problem highlights the importance of selecting the most appropriate 
restorative material which is also dependent on patient factors like age, size of cavity 
and the amount of viable tooth structure left after removal of a carious lesion, and the 
location of the cavity in the mouth [22,23,24]. Thus, not only does the restorative 
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material have to restore aesthetics, function and morphology of tooth structure. It 
also needs to be biocompatible, capable of withstanding occlusal loads, prevent gap 
& biofilm formations, promote remineralisation & self-repair, and be easily applied 
during the restoration process [25]. At present no currently available synthetic 
biomaterial meets all of the abovementioned requirements for all dental applications 
[26,27]. 
 
Nanotechnology-based manufacturing processes for producing nanomaterials with 
unique properties and structures have attracted considerable interest in recent years. 
Nanomaterials are characterised by their small size (at least on dimension less than 
100 nm) and having a large surface area to volume ratio [28]. They are also 
characterised by having large proportion of their atoms located near the surface and 
having large surface energies. Because of these unique features, nanomaterials have 
been introduced in several innovative dental applications in recent years. Some of 
these applications include nanometre scale resin-based composites and glass-
ionomer nanocomposite cements [29,30]. Moreover, the natural mineral components 
of bone and tooth hard tissue materials are of nanoscale units. Importantly, the 
demand for new dental biomaterials will ensure the continued development of new 
nanomaterials for standalone products or being incorporated into existing products to 
improve their performance [31,32]. Ultimately the goal of new nanomaterials 
designed for restorative dentistry is to closely match the properties of oral tissues, 
thus ensuring the restoration fully restores the integrity of the oral tissues. Hence, if 
suitable nanomaterials are developed and used effectively in dental restorative 
procedures, major benefits can be achieved such as improved oral health, general 
wellbeing and an improved quality of life for patients. The aims of this review are to: 
1) summarise the structure of human teeth; 2) describe oral microbial homeostasis 
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and oral health in terms of dental caries, periodontal diseases, and systematic 
diseases; 3) outline nanotechnology-based preventative and restorative dental filler 
materials like resin based composites, glass-ionomer cements and calcium 
phosphates, including hydroxyapatite; 4) discuss potential health and safety risks 
associated with the use of nanomaterials in dentistry, and finally, (5) discuss future 
perspectives, knowledge gaps and suggestions for future research. 
 
2. Human teeth and their structure  
The oral cavity contains teeth, salivary glands and tongue, which contribute to the 
mechanical mastication and initial chemical digestion of food. Like bone, teeth are a 
rigid and hard form of connective tissue that is classified as hard tissue. The unique 
structure and composition of teeth endows them with exceptional mechanical 
properties that enable them to perform the demanding functions of incision, 
laceration and grinding. During mastication teeth function in a very hostile 
environment, in which saliva flow, pH, and various mechanical forces (compression, 
flexural, torsional) and various force combinations constantly and rapidly change. To 
assist in transferring the mechanical forces of mastication, the teeth are anchored in 
sockets (alveoli) in the gum-covered boundaries of the mandible (lower) and maxilla 
(upper) jaw bones. Each tooth has two distinct regions (crown and root) (see Fig. 1), 
which are delineated by the gum. The first region is the upper enamel-coated crown, 
which is above the gum and directly experiences the tearing and grinding of food 
during mastication. The thin (< 1 mm) enamel coating is acellular, highly 
mineralised, brittle and the hardest material in the human body. It is composed of 
inorganic materials (96% wt.), with the balance of the weight made up by organic 
materials and water. The enamel microstructure consists of rod-like structures that 
are typically 5 µm in diameter. These rod-like structures are composed of densely 
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packed hydroxyapatite crystals (26 nm in diameter and 68 nm in length) surrounded 
by a 2 nm thick layer of protein [33]. The rod-like structures are also perpendicularly 
orientated to the tooth surface to resist forces resulting from mastication [34]. Thus, 
giving the enamel an anisotropic force resisting property. Importantly, soon after the 
tooth erupts from the gum, the cells responsible for generating the enamel coating 
soon disintegrate. Thus, the resulting acellular enamel is unable to heal itself from 
damage or decay and must undergo restorative dental procedures to restore structural 
integrity, if damaged or removed. 
 
 
Fig. 1: An illustration of a healthy tooth dissected lengthways to show the 
internal layers and structures forming the crown and root of the tooth. 
 
The second and lower region of the tooth embedded in the gum and underlining bone 
is the cementum covered root (see Fig. 1). The cementum coating has similar 
properties to bone tissue and is also composed of calcium containing apatites that 
form the inorganic phase, while collagen and non-collagen proteins form the organic 
phase. Importantly, the cementum attaches to the surrounding thin periodontal 
ligament to form a tight collar within the alveoli [35]. Also present, underlying and 
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supporting the enamel in the crown and the cementum in the root is the bone-like 
dentine, which forms the bulk of the tooth. Dentine is less mineralised (65-70%) than 
enamel (96%), but more mineralised than the cementum (45-50%). Dentine is not as 
hard as enamel, but is harder than the cementum. The inner most region of dentine 
contains the central pulp cavity, which contains blood vessels, connective tissue and 
nerve fibres. Also present and radiating outwards from the central pulp cavity to the 
exterior cementum or enamel coating are micro-scale liquid filled tubules. Each 
tubule contains an odontoblast cell that generates and maintains the dentine [36].  
 
It is the composition and complicated structure of teeth that directly influences its 
amazing mechanical properties. These properties include elasticity, hardness, 
fracture toughness and viscoelasticity. Tooth elasticity is its ability to recover its 
original dimensions after external forces are removed during mastication and tooth 
hardness is an indicator of its ability to withstand elastic deformation, plastic 
deformation and destruction [34]. An important property of a tooth is its fracture 
toughness, which determines its strength and the growth rate of cracks resulting from 
fatigue and age [37]. Whereas, very few viscoelasticity studies have evaluated teeth 
and those that did have focused on the dynamic mechanical properties of dentine 
[38]. To date, elasticity and hardness are the two most studied mechanical properties 
of teeth. In particular, both enamel and dentine have been extensively studied, while 
cementum has been studied to a lesser extent [38,39,40]. Moreover, earlier studies 
assumed tooth composition and structure were isotropic in nature and both elasticity 
and hardness were the same in all directions. However, in recent years, with a greater 
understanding of factors like mineral and organic component densities, rod 
arrangements in the enamel, the direction of tubules and organic fibres in the 
dentine, the tooth structure was found to be highly anisotropic in nature [37,41,42].  
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For instance, the anisotropic nature of enamel and its influence on elasticity and 
hardness has been found to vary with respect to the directions of the enamel rods, 
calcium content and gradually decrease from the surface to the enamel-dentin 
interface [43,44]. In addition, dentine elasticity and hardness is not only closely 
related to its complex structure and composition, but also to the external 
environment. In terms of composition, highly mineralised dentin can have an elastic 
modulus between 40 and 42 GPa, while poorly mineralised dentin can have modulus 
values as low as 17 GPa [45]. In terms of external environmental factors, studies 
have shown dentine is isotropic in a dry environment and anisotropic in a moist 
environment. For instance, in a hydrated environment, elasticity and hardness both 
decrease by 35% and 30% respectively [46,47].  
 
Table 1: A selection of mechanical and thermal properties of dental materials 
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Fig. 2: Optical pictures of human teeth, (a) side view of extracted and bleached 
wisdom tooth (b) top view of extracted and bleached wisdom tooth with visible 
cavities in cusp regions (c) side view of extracted healthy wisdom tooth sample (d) 
top view of extracted healthy wisdom tooth with no visible cavities. 
 
The mechanical and thermal properties of human teeth are presented in Table 1, 
along with typical elasticity and hardness values reported by several researchers for 
enamel and dentine. It must be pointed out that current dental restorative materials 
have not been able to fully reproduce the complicated structure and unique 
mechanical properties of human teeth. Moreover, restoration failure generally results 
from a combination of factors such as inappropriate dental material composition, 
poor material properties and bacterial growth on dental surfaces. Crucially, the oral 
microbial environment has an important role in sustaining oral health and assisting in 
preserving dental restorations [48]. Emerging data of the oral microbiome’s role 
where there can be up to ~1000 species [49] can colonise the oral cavity shows a 
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much more complex interaction of these species with the underlying material of the 
tooth as well as the surrounding tissues and support structures. Fig. 2 shows the 
optical images of extracted human tooth at different angles or positions. 
 
3. Oral cavity environment  
Humans are not only composed of their own diverse range of cells, but they are also 
heavily colonised by a wide variety of microorganisms. These microorganisms live 
either in or on the surface of the body and their numbers can be more than ten times 
greater than the number of cells forming the body [50]. Fig. 3 represents the site of 
attachment of different microbial colonies at various structural receptors present on 
tooth surfaces.  
 
Fig. 3: A diagrammatic representation of tooth and surrounding gum tissue in the 
oral cavity. Microbial colonization at the enamel-gum interface is also presented.  
 
The microbial communities found in the oral cavity are considered the second most 
complex in the body, the first being the colon [51]. The highly diverse oral 
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microbiome contains around 700 species composed of archaea, bacteria, fungi, 
protozoa and viruses [52]. The presence of microorganisms in the oral cavity is a 
natural and normal occurrence in the mouth [53]. But unlike commensal 
microorganisms found in other parts of the body like the colon, which assist the body 
in fighting pathogens, help regulate the immune system and maintain homeostasis, 
the microbiota of the mouth are also actively involved in pathogenesis and promote 
many oral and systemic diseases [54,55]. Examination of early human remains 
(~7,000 BC) have shown the presence of manmade holes in teeth to remove tooth 
decay. And recent bio-molecular studies of these ancient adult teeth and skeletons 
has confirmed the mouth cavity acted as a reservoir for microbial organisms 
involved in both oral and systemic diseases [56]. In particular, microbial organisms 
have a strong tendency to attach and colonise the various tissue surfaces found 
within the oral cavity [57,58]. The oral cavity contains soft tissue surfaces (oral 
mucosa and tongue), hard tissue surfaces (teeth), and saliva [59]. Importantly, 
microbial attachment and colonisation is influenced by the interplay of several 
favourable and unfavourable factors. And regardless of favourable factors such as 
suitable tissue surface chemistry, nutrients, temperature and humidity, microbial 
colonisation is constantly being challenged by the body’s immune system [60,61]. 
However, it should be pointed out that the presence of commensal microbes in the 
mouth is an important factor in preventing colonisation by pathogens. Colonising 
commensal microbes achieve this by reducing the number of available binding sites 
for pathogens [62]. For instance, in vitro studies have shown that microbes like 
Streptococcus salivarius (strain K12) inhibit the growth of several pathogenic 
species associated with periodontitis and halitosis [63,64]. This ecological balance 
can be readily seen when antimicrobial agents disrupt the balance and opportunistic 
pathogens infect the oral tissues [65]. Thus, highlighting the importance of 
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commensal microbes being present and the importance of maintaining an ecological 
balance for preserving a healthy oral environment [54]. However, studies have 
shown that commensal microbes are site specific [66,67]. For instance, soft tissue 
surfaces like the cheek and palate have a monolayer of bacteria. The tongue has 
multiple coatings of microbes that also include bacteria. Crypts present in the tongue 
provide an ideal environment for anaerobic microbes to thrive [68,69]. While the 
continuously flowing saliva has a similar microbial profile to both tissues surfaces 
and biofilms. The major part of the microbial content present in saliva is produced 
by biofilm flaking from oral tissues [70,71]. The viscous properties of saliva also 
assist in rinsing the teeth and soft tissues, and also assists in microbe desorption from 
the teeth and soft tissues [72,73]. In addition, the saliva also contains chemicals like 
bicarbonate and calcium phosphate that are used to buffer the effects of acids 
produced from the consumption of food and drink and/or bacterial metabolism [74]. 
Thus, the saliva neutralises the effects of generated acids, prevents acid erosion of 
the teeth and maintains pH of oral cavity [75,76]. Also present in saliva are 
antimicrobial proteins like lysozyme and lactoferrin, as well as immune system 
components like immunoglobulins that also promote a healthy oral environment. 
Furthermore, studies have shown that salivary microbiota can be used as diagnostic 
indicators for several diseases like dental caries, periodontitis and oral cancer 
[77,78]. 
 
The most distinctive feature of mouth is the array of teeth. The non-shedding hard 
tissue surfaces that form each tooth can provide a stable location for microbial 
colonisation [79]. In addition, both microbial surfaces and tooth surfaces are 
negatively charged. This results in the soluble cations (potassium, sodium, 
magnesium and calcium) present in saliva being attracted to the negatively charged 
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surfaces. This causes the generation of a double charged layer (electrical double 
layer) forming around the respective surfaces that produce a repulsive electrostatic 
force. Meanwhile, microbes approaching tooth surfaces also experience a repulsive 
force (van der Waals force). The resulting modulation between the two interacting 
electrostatic forces generate equilibrium and subsequently promotes the attachment 
of microbes to tooth surfaces [80,81]. In addition, exposure to saliva produces a 
proteinaceous coating on tooth surfaces called the pellicle. The pellicle layer is 
composed by amino acids, amylase, glucose, glycosyltransferases, muscin, 
lysozyme, and soluble ions [82,83]. The pellicle moderates surface charge and 
promotes attractive interactions between the tooth and oral environment [84]. Thus, 
microbes are able to attach to the pellicle through adhesin–receptor interactions and 
colonise the tooth surface to form a biofilm. The biofilm, known as dental plaque, is 
a functionally organised structure resulting from the metabolic interactions occurring 
between different microbial species forming the colonising community [85]. There 
are two types of dental plaque. The one above the gum line is known as supra-
gingival plaque while the other one below the gum line is known as sub-gingival 
plaque. Supra-gingival plaque is linked to tooth decay and promotes the formation of 
dental caries. Clinical studies have shown that amount of caries increase with the 
growing numbers of acidogenic and aciduric (acid-tolerating) bacteria like 
Streptococci mutans and lactobacilli, which are constituent members of plaque [86, 
87]. These acid-tolerating bacteria can rapidly grow when acidic by-products 
produced from their metabolism of fermentable carbohydrates, reduces the oral pH 
levels and promotes their proliferation [88,89]. Meanwhile, the under lower pH 
levels reduce the survival rates of acidic sensitive microbial species that promote 
good tooth health [90,91]. Also, the lower pH levels produce higher tooth dissolution 
rates. While below the gum line sub-gingival plaque extends down along the tooth 
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root. In this region there is very little saliva while the local pH and temperature are 
more severe, therefore, the local environment becomes more anaerobic [73]. 
Common to both types of plaque is their degree of stability (microbial homeostasis) 
achieved by their respective microbial communities [92]. Apart from regular events 
like dietary intake and oral hygiene, microbial homeostasis is achieved by balancing 
the numerous synergic and antagonistic interactions occurring between various 
members of the microbial community [93,94]. 
 
4. Oral microbial homeostasis and health  
The interactions occurring between oral microbiota and the host are extremely 
important in maintaining good oral and systemic health. Many of these microbes 
have evolved unique biological characteristics and properties that are antagonistic to 
many oral pathogens, which makes them beneficial for good health and wellbeing. 
These biological characteristics and properties are important factors in controlling 
microbial populations in the oral cavity [62]. For instance, in vitro studies by 
Wescombe et al., showed that bacteriocin produced by Streptococcus salivarius 
(strain K12) inhibits several detrimental microbial species associated with 
periodontitis and halitosis [63,95]. But the role of these factors is complex, since 
signalling molecules not only modulate and influence the activity of microbial 
species, they also interact with the immune system [96,97,98]. Importantly, because 
biofilms are in extremely close physical contact, they have the greatest opportunity 
to interact with oral tissues and in turn interact with the immune system [99]. Several 
studies have shown that dental decay is not restricted to single species, but is the 
outcome of interactions occurring between various microbial species and oral tissues 
that result in virulence and pathogenesis [100,101,102]. Crucially, these interactions 
regulate microbial homeostasis, but when out of balance can drive the pathogenic 
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potential of cariogenic microbial species. Hence, the following subsections briefly 
discuss major oral and systemic diseases associated with oral microbiota. 
 
4.1. Dental caries 
 
 
Fig. 4: Illustration of different stages of tooth decay progression and dental 
restoration strategies. (a) A representation of tooth with no visible decay, (b) decay 
of the enamel and is generally sealed by filling with a dental filler material, (c) decay 
has spread to the dentin and pulp, accompanied by tooth pains and this condition is 
either cemented with a new crown or fixed with a metallic implant. 
 
When microbial homeostasis is disturbed the character of dental plaque changes. 
One major disturbance is the ingestion of high levels of fermentable carbohydrates 
and sugars on a regular basis. This leads to higher acid production levels, lower 
salivary buffering and lower pH levels [86]. Acidification results in a series of 
complex interactions occurring between acid-producing bacteria and fermentable 
carbohydrates. These interactions result in major changes to the phenotypic and 
genotypic composition of the plaque and leads to the formation of caries [103]. 
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Dental caries is the most common form of oral disease that results in pain and 
subsequent tooth loss [85]. Fig. 4 outlines the different stages of dental caries, when 
the process is initiated by growth of bacterial biofilm which gradually dissolves the 
enamel, followed by dentin and pulp. 
 
Importantly, acidification favours aciduric microbial species that are better able to 
adapt to lower oral pH levels [104,105]. In particular, species like Streptococcus 
mutans and lactobacilli thrive in acidic conditions and are considered pathogens 
because of their cariogenic properties [106,107]. Studies have also reported that 
species like Actinomyces spp., Atopobium spp., Bifidobacterium, Propionibacterium 
and Scardovia are also involved in caries formation [87,108,109,110]. Importantly, 
these studies have shown that dental caries are caused by the interactions of a 
complex community rather than a single pathogen [72]. Also present are bacterial 
species that can raise the pH level by producing ammonia from arginine and urea 
molecules [90]. The alkalising effect not only raises pH levels, but also assists in 
balancing acid production from dietary carbohydrates and sugars, and supports 
microbial homeostasis. Importantly, alkali production moderates the effects of dental 
decay and provides some degree of protection against dental caries [85,90]. 
Crucially, if dental caries is not treated, decay progresses through the dentine 
towards the root canal and pulp. On reaching the pulp, the pulp becomes infected and 
subsequently dies resulting in tooth extraction [111].  
 
4.2. Periodontal diseases 
The most common periodontal disease of humans is gingivitis and its prevalence in 
the adult population can be as large as 90% [112]. Dental plaque constantly forms on 
all tooth surfaces. But with increasing numbers of gram-negative and anaerobic 
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microbial species in plaque located at the gingival boundary, there is a transfer of 
endotoxins and other enzymes into the gingivae [113]. This contamination results in 
an inflammatory response and the gingivae becomes inflamed and swollen. Species 
like Haemophilus, Lautropia, Leptotrichia, Prevotella, Streptococcus and Veillonella 
have been closely associated with gingivitis [114,115]. Gingivitis can be reversed or 
prevented altogether by regular tooth cleaning, which significantly reduces plaque 
levels on teeth. However, if oral hygiene is not practiced, plaque levels increases and 
the severity of the disease increases [114,116]. In extreme cases, gingivitis produces 
destructive inflammation and results in the bone loss disease known as periodontitis. 
Unlike gingivitis, periodontitis is a chronic and irreversible inflammatory disease 
that results in the destruction of alveolar and connective tissue in the jaws [117]. 
 
4.3. Oral and systematic diseases 
The oral microbial community has long been known as a source of both oral and 
systematic infections. One common mucosal disease of the mouth, which is 
characterised by painful ulcers is recurrent aphthous stomatitis (RAS). Studies have 
shown that RAS is linked with specific microbial species present in both mucosal 
and salivary microbiota [118,119]. Studies have also linked oral microbiota with oral 
cancer, but the mechanisms involved are currently not fully understood to date 
[120,121]. For instance, oral squamous cell carcinoma (OSCC) studies of the mouth 
epidermis tissues found the surface of carcinoma cells had significantly higher 
numbers of aerobes and anaerobes than healthy cells [122,123]. The role of bacteria 
in cancer has been reported for several years. Researchers believe that the presence 
of bacteria and their secretions provoke the inflammatory responses that influence 
cell proliferation, mutagenesis, oncogene activation and angiogenesis [121,124,125]. 
Because of this association, recent research has focused on identifying specific oral 
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microbiome as a new biomarker for detecting cancers [126]. Importantly, oral 
microbiome can gain access to the bloodstream through carious lesions and gingival 
crevice. Once in the bloodstream, oral microbiome can circulate and infect various 
locations within the body. For instance, periodontal pathogens have been linked to 
cardiovascular diseases [127,128], while oral microbiome has been detected in brain 
and liver abscesses [129,130,131]. Studies have also examined the relationship 
between periodontitis and diabetes, since badly controlled diabetes also contributes 
to periodontitis [132]. In addition, some studies have found no significant differences 
in microbial numbers present in saliva and sub-gingival plaques between diabetic 
and non-diabetic patients, while other studies have seen significant differences 
[133,134]. While recent studies have linked oral microbiome with diseases like 
pancreatic and gastrointestinal cancers [135,136]. Similarly, head and neck 
squamous cell carcinoma [137], as well as esophageal cancers [138] have also been 
linked to the presence of oral bacteria. The abovementioned studies clearly 
highlighted the importance of maintaining an effective oral microbiome balance to 
sustain good human health and longevity.  
 
5. Nanotechnology-based preventative and restorative dentistry 
In recent years nanotechnology-based techniques for manufacturing a variety of 
nanometre scale materials has attracted considerable interest due to the unique 
structures and properties displayed by these new nanomaterials. The tooth is 
essentially composed of nanomaterials that make up the enamel, dentin, and 
cementum. Accordingly, recent studies have focused on understanding the 
physiochemical and mechanical properties of nanomaterials for potential use in the 
field of dentistry [139,140]. The two fundamental fields of dentistry are preventative 
and restorative. The objective of preventive dentistry is to inhibit or minimise risks 
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of onset of dental diseases by which plaque removal through mechanical and 
behavioural management aids in early prevention of tooth decay and periodontal 
disease. To this end several nanomaterials have been included in a variety of oral 
health-care products like toothpastes, mouth pastes and liquids in recent years [141]. 
While the objective of restorative dentistry is to use dental materials to replace tooth 
structure or oral (gingivae and bone) tissues resulting from disease processes, and to 
restore physical and mechanical functioning of the oral cavity [142,143]. The 
inclusion of nanomaterials in both preventative and restorative dental procedures in 
the future is expected to improve oral health and benefit across the life-span of the 
patients. 
 
5.1. Preventive dentistry  
Diseases occurring in the oral cavity are complex in nature. Thus, the main strategy 
of dental and health organisations is prevention. The most frequent disease found in 
the oral cavity is dental caries. And in spite of the presence of surface pellicle, 
erosion and demineralization of tooth enamel takes place [144,145]. Also, the 
frequent consumption of acidic foods and beverages common in today’s diets 
significantly accelerates enamel erosion and demineralization [146]. Further erosion 
and demineralization takes place if stomach acid reflux occurs after meals. To 
counter demineralisation and reduce dental decay, fluoride (re-mineralising agent) 
has been added to dental products [147,148] and drinking water for many years 
[103,149]. World Health Organisation (WHO) recommends the maximum 
permissible fluoride concentration in drinking water should not exceed 1.5 mg/L 
[150]. However, concentrations exceeding the maximum permissible limit lead to 
serious health problems like skeletal fluorosis [150]. 
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The daily use of mouthwashes and toothpastes by patients is an important strategy to 
manage their oral health and help prevent the formation of both carious lesions and 
periodontal disease [151]. In medicine, nanomaterials are used in a variety of 
applications like drug delivery, diagnostics and imaging tools [152,153]. 
Accordingly, there has also been considerable interest in using nanotechnology-
based methods to produce new dental products and improve the performance of 
traditional dental products [153,154]. Nanotechnology-based products have the 
potential to improve the mineralisation of hard dental tissues using nanomaterials 
composed of hydroxyapatite and fluoride. While antimicrobial nanomaterials like 
silver, zinc oxide and titanium oxide also have the potential to manage plaque and 
dental infections [27,155,156].  
 
For example, the use of toothpastes and mouthwash preparations containing 
nanomaterials is an effective strategy for not only mineralising tooth enamel and 
dentine, but also controlling the growth of microbes and formation of plaque. In 
particular, studies have shown that inclusion of nano-hydroxyapatite in toothpaste 
can both enhance remineralisation and improve the hardness of tooth enamel and 
dentine [156,157]. This is achieved due to the extremely small size of nano-
hydroxyapatite particles, which can readily enter and interact with sub-micrometre 
and nanometre scale damage on tooth surfaces caused by acidic erosion (white spots) 
[158]. During the interaction, calcium and phosphate ions are released from the 
nano-hydroxyapatite particles which move into the enamel rods and change into 
apatite crystals. Hence, re-mineralising and repairing the enamel surfaces [159,160]. 
Furthermore, several studies have shown the use of nano-hydroxyapatite in dental 
products can also lower bacterial colonisation of tooth surfaces and reduce dentine 
hypersensitivity [140,161,162].  
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In recent years, several manufacturers have produced a wide range of commercially 
available oral health-care products (liquids and pastes) for plaque management and 
re-mineralization of early sub-micrometre-scale enamel lesions as a method of 
preventing tooth decay. Products like GC Tooth Mousse, MI Paste and Recaldant
®
 
each containing milk based casein phosphopeptides (CPP) and amorphous calcium 
phosphate (ACP) have been on the market for several years. In CPP-ACP based 
products, CPP combines with ACP to form amorphous nano-complexes that contain 
a rich source of stabilised calcium and phosphate ions [163]. On entering the oral 
acidic environment the nano-complexes dissociate, releasing calcium and phosphate 
ions for enamel remineralisation [164,165]. Studies have also shown products like 
Recaldant
®
 exhibit anti-cariogenic properties and have been used to treat dentin 
hypersensitivity [166-170]. While a study by Reynolds et al., found the addition of 
fluoride into CPP–ACP pastes could significantly improve tooth re-mineralisation 
[165]. Alternatively, other manufacturers have used different active materials and 
approaches for controlling plaque and re-mineralising damaged enamel surfaces. 
Some of these alternative ingredients and products include sodium fluoride 
(PreviDent
®
), calcium sodium phosphosilicate (NovaMin
®
), and arginine 
bicarbonates and calcium carbonates (SensiStat
®
). A selection of currently available 
oral health-care products and their active ingredients is presented in Table 2.  
 
Another important function of several oral health-care products is to mediate and 
treat dentine hypersensitivity. Hypersensitivity results from the movement of oral 
fluid through the dentinal tubules and stimulating the nerves in the pulp. Bio-
compatible nanomaterials like nano-hydroxyapatite, bioactive glass nanoparticles, 
calcium-based and arginine-based compounds have been incorporated in several 
products as a method of blocking the dentinal tubules and prevent tubule infiltration 
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[171,172]. For instance, Novamin
®
 contains bioactive glass particles (composed of 
calcium sodium phosphosilicate), which interact with the aqueous oral environment 
to release calcium and phosphate ions. These ions combine to form a layer of 
hydroxyl-carbonate apatite crystallites that block the dentinal tubules [173,174]. 
Other features of Novamin
® 
include anti-gingivitis properties and moderating plaque 
formation [175]. Unfortunately, the complex organic and inorganic structure of 
dentine makes re-mineralisation difficult. For instance, a study by Vollenweider et 
al., found that treating dentine with ultrafine bioactive glass particles could not 
regain its original properties [176]. Similarly, a study by Shibata et al., also found 
the original mechanical properties of dentine could not be regained after treatment 




, which are composed of arginine, bicarbonate and calcium carbonate 
provide an alternative method for treating hypersensitivity.  In the oral cavity the 
positively charged arginine combines with calcium carbonate to form positively 
charged clusters. These clusters soon attach to the negatively charged dentine 
surfaces and in the process block the dentine tubules [178]. While another arginine-




, which also includes fluoride to 
enhance re-mineralisation as well as treating hypersensitivity [147]. In spite of these 
advanced oral health-care products, hard brushing on hypersensitive teeth opens 
dentine tubules and causes erosion which when combined with a complex 
organic/inorganic structure, makes the treatment of hypersensitivity and re-
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5.2. Dental fillers 
The use of dental fillers is one of the most common dental materials that are used for 
restorative procedures performed on humans. Traditionally, dentistry has used a 
variety of amalgams to replace lost tooth tissue in order to restore mechanical 
function. However, to date no material has been found that completely replicates the 
properties of natural teeth. For instance, in spite of being used for more than a 
century there are serious health concerns regarding the release of mercury ions from 
amalgams [18,180]. And although being initially successful, dental materials are 
challenged continuously by recurrent caries that ultimately leads to their failure 
[182]. With failures levels resulting from secondary caries being as large as 50 to 
60% for many dental materials [182,183]. The high failure rates result from factors 
like: 1) modelling the dental material to fit the prepared tooth cavity; 2) poor sealing 
between dental material and cavity wall, resulting in micro-leakage; 3) deterioration 
of material over time; 4) material discolouration over the life of the restoration, and 
5) tooth sensitivity after the restoration procedure [21,184]. Because of these factors 
there has been extensive research into developing new dental composites with 
improved material properties [185]. Many current dental composites have similar 
mechanical properties to amalgams and also have desirable aesthetic properties 
[186,187].  
 
5.2.1. Resin based composites 
Dental resin-based composites are a mixture of different materials. The reason for 
the mixture is that no single material can provide all the properties necessary for a 
successful dental restoration. Contemporary composites are a mixture of glycidyl 
methacrylate resin, which acts as the matrix polymer, and materials like quartz, glass 
and silica act as fillers [188]. These mixtures also contain additives like 
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polymerization initiators, accelerators and coupling agent (usually silane), which are 
designed to promote chemical bonding with the methacrylate matrix during 
polymerisation [189]. Also colouring pigments are added to produce aesthetically 
pleasing colours that closely match individual patient’s tooth colours. The mixture is 
then sculptured to fit the prepared tooth cavity. In early composite formulations, 
polymerisation was thermo-chemically initiated with initiators like benzoyl peroxide. 
In contemporary composite formulations, the setting reaction is light activated by a 
lamp [190]. For a successful restoration, a dental composite must have the following 
features: 1) low viscosity to enable it to fill the prepared tooth cavity; 2) a 
controllable polymerisation rate; 3) a coefficient of thermal expansion similar to the 
tooth, which prevents stresses resulting from the mismatch and prevent micro-
leakage of saliva and bacteria; 4) low shrinkage to prevent micro-leakage; 5) good 
mechanical properties, and 6) resistance to water adsorption. In addition, recent 
studies have also focused on producing composites that are more biologically active, 
produce less stresses during polymerisation, and have re-mineralisation properties. 
Thus, promoting more favourable host interactions and superior tooth integrity [25].  
 
Resin-based composites are made from a variety of filler particle types. The mass 
ratio between filler particles and the organic matrix determines the composite’s 
strength, its ability to handle masticatory stresses and its ability to withstand wear 
during mastication [191]. There are three filler particle type categories: 1) macro-fill 
particles; 2) micro-fill particles, and 3) hybrids, which are a combination of both 
macro-fill and micro-fill particles [192]. Early composites were reinforced with just 
macro-fill particles, while recent composites have also included micro-fill and hybrid 
composites. Macro-fill composites have the strength to resist masticatory stresses 
generated during the crushing and grinding of food and are commonly used in 
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posterior restorations [193]. Unfortunately, macro-fill composites are difficult to 
polish, which makes them unsuitable for anterior restorations. On the other hand, 
micro-fill composites, with smaller particle sizes are much easier to polish, and as a 
result are generally used for anterior restorations [194]. Importantly, composite 
properties can be modified to suit particular restorations by adjusting parameters like 
filler particle size, type and quality of accelerators and coupling agents, and the type 
of polymerization activation process. Also, resins without filler particles have low 
viscosities, which enable them to be used to fill surface pits or be used to seal 
fissures [195]. However, in spite of their aesthetics and advantageous properties, 
micro-fill composites tend to be technique-sensitive, time-consuming and expensive 
[195,196]. 
 
During the evolution of resin-based composites there has been a gradual decrease in 
filler particle size. In recent years, several nanomaterials have been incorporated into 
resin-based composites as a method of improving mechanical properties like elastic 
modulus, flexural strength and wear resistance [197,198]. Typical nanomaterials 
used as fillers include: alumina, hydroxyapatite, titania, silica and zirconia [199]. 
However, because of the large surface area and high surface charge of nanoparticles 
they need to be dispersed in a liquid phase before mixing with the resin matrix. 
However, the liquid phase usually contains a combination of dispersed nanoparticles 
(less than 100 nm) and porous clusters of agglomerated nanoparticles. Nano-clusters 
are formed as a result of agglomeration of nanoparticles in an effort to minimise their 
surface energy. Studies have revealed that composites incorporated with 
nanoparticles had improved strength and fracture resistance. The internal porous 
structure of nano-clusters allows the entry of coupling agents. The resulting 
penetration forms an interpenetrating structure that enhances the mechanical 
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properties of the individual nano-clusters [200]. The nano-clusters behave like the 
larger particles found in micro-fillers. Thus, nano-filler-based composites tend to be 
stronger, have less shrinkage and can be polished [11,201]. However, studies have 
also revealed the presence of voids in nano-clusters that produce a greater tendency 
for cracking and subsequent failure under loading [200,202]. Hence, further research 
into nano-filled composites is needed to improve and optimise material properties.  
 
5.2.2. Glass-ionomer cements  
Most commonly used alternative to resin-based composites are glass-ionomer 
cements (GICs) of which some are listed in Table 3. The material properties of GICs 
can be modified by varying the powder/liquid ratio or by changing their formulation, 
which enables them to be used in a variety of dental procedures [203]. Studies during 
the 1960’s found that polyacrylic acid could complex with calcium, forming 
hydrogen bonds that made it possible for this cement to chemically adhere to 
mineralized dental tissues [204]. Later, high fluorine containing aluminosilicate 
glasses were found to react with polyacrylic acid via an acid-base reaction to form a 
paste. These pastes could then be used to fill a prepared tooth cavity to form a stable 
filling [205]. On setting, GICs were found to be more aesthetically attractive than 
traditional metallic amalgams [206]. In addition, fluorine rich GICs also release 
fluoride ions that give the filling anticariogenic properties which, also adhere to 
moist tooth structures and display favourable biocompatibility towards oral tissues 
[207]. However, low mechanical strength, low fracture toughness and brittleness 
limited their use to posterior dental regions [208,209]. Studies found that these lower 
mechanical properties were the result of moisture contamination occurring 
immediately after cement mixing [210]. While several studies have reported factors 
like: 1) particle size; 2) porosity distribution within the microstructure; 3) variations 
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in the powder/liquid ratio, and 4) mixing method (air entrapment during mixing) can 
directly influence mechanical properties [208,211]. For instance, mixing induced 
porosities of around 3 to 4% can produce a 50% reduction in strength [212]. 
Similarly, studies have also shown that mixing procedures incorporating 
centrifugation or carried out under vacuum can significantly reduce porosity and 
increase strength by around 39% [213-215]. On the other hand, the coefficient of 
thermal expansion (CTE) between human enamel and GICs (~11.4 ppm) and 
porcelain (~12 ppm) measured between 20 and 60 °C are similar as seen in Table 1 
[204]. This is of particular importance, since repeated expansions and contractions 
generated from the consumption of hot and cold foods and beverages can result in 
interface breaking between the filling and the tooth. Moreover, the thermal mismatch 
of materials like amalgam and resin composites can cause cycling thermal stresses at 
the tooth-filling interface. This continuous cycling overtime could ultimately break 
the seal and promote micro-leakage [216,217]. 
 
Because of poor fracture toughness and low strength of GICs, research has focused 
on incorporating various types of particles or fibres to it as a method of improving 
mechanical properties. One of the earliest methods was to combine silver-based 
amalgams and GIC glass particles to form a new composite [218,219]. In this 
composite a blended powder of components (1:1 ratio) is mixed with poly-
carboxylic acid to produce a plastic paste. The paste hardens with time to form 
ceramic/metallic composite cement commonly known as “Cermets” [213]. However, 
studies have revealed the bonding between ceramic and metallic components was 
less than satisfactory. In particular, when Cermets were used in posterior restorative 
procedures their durability was poor compared to conventional GIC restorations 
[220,221]. While other studies have evaluated the use of materials like alumina, 
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carbon, calcium phosphates, glass, silicon carbide and zirconia to improve the 
mechanical performance of GICs. Studies have shown the inclusion of these types of 
fibres can significantly increase fracture toughness and strength [222]. For instance, 
the inclusion of glass fibres (40% wt.) can increase flexural strength by as much as 
4.5 times compared to unreinforced GICs [223]. The addition of glass fibres also 
increases fracture toughness by 140% when compared to unreinforced GICs [224]. 
While the inclusion of carbon fibres into the matrix can produce a four-fold increase 
in fracture strength [225,226]. Moreover, research has also focused on including 
slow release bioactive agents to promote bioactivity and biocompatibility [227,228]. 
Several GICs have been developed specifically to promote osteoconductivity, 
osteoinductivity and to promote the proliferation of various cells and tissues. For 
instance, bioactive GICs are used to replace hard tissues in oral, maxillofacial and 
orthopaedic surgical procedures [229,230]. In particular, the inclusion of bioactive 
glass particles can significantly enhance bioactivity and physicochemical properties 
of GICs [231-233]. Several studies have also reported that cellular properties like 
gene activation, cell differentiation and cell proliferation are enhanced when exposed 
to bioactive glass [234,235]. Unfortunately, studies have also reported that large 
concentrations of bioactive glass or similar bioactive materials in GICs can 
compromise strength, toughness and hardness [236]. 
 
The reduction in mechanical performance resulting from increasing amounts of 
fillers has prompted research into incorporating nanometre scale materials known as 
nano-fillers [237]. Studies have found the addition of nano-fillers to GICs produces 
highly desirable properties [30]. For instance, the presence of uniformly distributed 
nano-fillers in the GICs matrix permit higher filler loads, decrease viscosity and 
reduce curing shrinkage [238]. The inclusion of nano-fillers has also been found to  
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Table 3: Commercially available Glass ionomer dental cements 
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increase strength and hardness of these new composites by four to five times 
compared to conventional GICs [239]. For instance, the inclusion of nano-zirconia 
oxide (ZrO2) increases toughness by 20% [240] and the inclusion of carbon 
nanotubes (CNTs: ~4%) improves wear characteristics and mechanical properties by 
30% [241,242]. The most commonly used nano-fillers include alumina, 
hydroxyapatite, silica, titania and zirconia [243-246]. 
 
5.3. Calcium phosphates and hydroxyapatite 
The success of many dental materials depends on their interactions with surrounding 
oral tissues. Poor osseointegration or inflammatory responses from surrounding 
tissues resulting from infection leads to material rejection and restoration failure 
[247]. Importantly, during dental procedures one of the operative dental risk in light 
of the oral environment and microbiota is the possibility of microbes entering via a 
lesion. This creates competition between invading microbes and oral cells trying to 
colonise the surface of the dental material, a phenomenon known as “the race for the 
surface” [248]. If colonisation by oral cells is successful, infection is minimized, and 
the implant surface is covered with oral cells. However, if the numbers of invading 
microbes keep increasing, the resulting microbial population forms a biofilm that 
eventually prevents surrounding oral tissues interacting with the dental material. The 
lack of interaction results in poor integration and ultimately failure of the restoration 
[249]. Therefore, success of the dental procedure is determined by the behaviour of 
oral tissues and inflammatory responses resulting from infection [250]. Accordingly, 
surface chemistry and topography are important factors that must be considered 
when designing and manufacturing materials for dental procedures. Calcium 
phosphate (CaP) compounds are extensively used to coat metallic orthopaedic and 
dental implants to transform their surfaces to a more favourable biocompatible 
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substrate. These coating are capable of promoting the formation of new bone or 
dental tissues [251,252]. For instance, titanium (Ti) implants coated with CaP 
nanoparticles (20 to 100 nm) display greater osseointegrative behaviour than 
uncoated implants [253,254]. While in vitro studies have also shown that osteoblasts 
have better proliferation rates on nano-CaP coated Ti implants as compared to 
uncoated Ti implants [255]. The most commonly produced CaP materials include α-
tricalcium phosphate (α-TCP), β-tricalcium phosphate (β-TCP), dicalcium 
phosphate, β-calcium pyrophosphate, hydroxyapatite (HAP), calcium deficient 
hydroxyapatite, octacalcium phosphate, oxyapatite, tetra calcium phosphate and 
biphasic HAP/β-TCP mixtures (for further details refer to Table 4). 
 
The most widely used member of the CaP family is hydroxyapatite (HAP). Its 
widespread use stems from its bioactive properties that facilitate new bone 
formation, promotes tissue integration and reduces healing time. Hence, it is used to 
transform the smooth harsh surface of metallic implants to a more biocompatible and 
porous environment similar to hard tissues [256]. Implants made from metallic 
materials like cobalt-chromium alloys, stainless steels and titanium alloys, which are 
coated with HAP display improved bone bonding, increased new bone formation and 
osteointegration [257]. There is also extensive ingrowth of connective tissues that 
stabilise the implant and reduces recovery time [258]. In addition, HAP is 
extensively used in orthopaedic procedures like filling bone voids and bone coatings. 
For instance, Cerament
®
 is a commercially available bone filler product that assists 
in the formation of new bone within 6 to 12 months after application [259]. Tooth 
enamel is the hardest and most highly mineralized structure found in humans. 
Although enamel is tough and abrasion-resistant, its high mineral content makes it  
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Table 4: Different forms of calcium phosphate compounds (Dorozhkin [302]; 
Cimdina & Borodajenko [303]; Prakasam M et al. [304]). 
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brittle and prone to damage from mastication [260] while exposure to the acidic and 
bacterial rich oral environment overtime degrades the enamel surface. 
 
Studies have shown that lost, damaged or eroded tooth enamel can be either replaced 
or re-mineralized using calcium phosphate-based materials [261]. In particular, 
HAP-based materials are widely used to resolve surface problems like 
discolorations, voids and chips. In recent years nano-HAP has been used to repair 
enamel and used as a re-mineralizing agent in toothpastes [154,158]. Interestingly, 
natural HAP found in bones and teeth is non-stoichiometric and displays variable 
deficiencies in Ca, P and OH. These deficiencies are made up by ionic substitutions 
of different types and amounts of elements like magnesium, strontium, sodium, and 
silicon [262]. The presence of these substitutions changes the structure and surface 
chemistry of HAP, which in turn influences the biochemistry of bones, enamel and 
dentin [263]. The influence of these ionic species in hard tissues has not been fully 
elucidated. But studies by Carlisle revealed the presence and importance of small 
concentrations of silicon in osteoid regions of young mice and rats, which indicates 
the role of silicon in the early stages of bone formation and calcification [264,265]. 
Similar in vitro and in vivo studies have also shown the important role of silicon in 
the growth and development of hard tissues [266,267]. Similar studies have found 
the inclusion of magnesium in HAP acts like a growth factor and stimulate osteoblast 
proliferation [268]. Currently, granular and powder forms of HAP are used in a 
variety of dental procedures that include: 1) restoration of periodontal bone defects 
[269]; 2) edentulous ridge augmentation [270]; 3) increasing the thickness of 
atrophic alveolar ridges; 4) filling bone defects after cystectomy; 5) endodontic 
treatment procedures such as repairing bifurcation perforations and pulp-capping 
[271,272], and 6) dental implant coating [273]. While shaped HAP blocks are used 
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in maxillofacial surgery to repair and reconstruct bone damage after trauma or 
disease. Furthermore, both micro-scale and nano-scale forms of HAP have been used 
as fillers for reinforcing GICs and restorative resin composites [274-276]. The 
potential hydroxyapatite based nanomaterial composites can be mixed with the 
polymer resin as a restorative approach to replace the damaged tooth cavities (see 
Fig. 5).  
  
 
Fig. 5: Schematic of potential restorative approach to dental fillings with nanoscale-
based composite, where A1 shows sonochemically engineered solution of 
nanospheres of HAP [305], and A2 is the sonochemically engineered solution of 
nanorods of HAP. (a) & (b) are the respective scanning electron micrographs of 
hydroxyapatite crystals. 
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6. Health and safety risks of nanomaterials in dentistry 
Interactions between nanomaterials, living organisms and the environment are 
complex in nature and currently not fully understood. The main features of 
nanomaterials are their large surface area to volume ratios and greater surface 
reactivity. These features make their physicochemical properties significantly 
different from the same material at the macro-scale size [139]. Nanomaterials 
released into the environment can readily bind and interact with biological matter. 
This interaction changes their surface characteristics. Further surface changes can 
result from environmental factors like pH, the presence of other materials and 
temperature [277]. These interactions and property modifications can also adversely 
change the eco-system they are in [278]. The presence of nanomaterials in the 
environment can have a negative impact on human health. Since exposure and 
subsequent absorption through the skin, digestive tract and lungs permits their entry 
into the body [279]. Exposure and potential toxicity can also result from dental 
procedures like: 1) ingestion of nanomaterials in dental products during or after 
treatment; 2) inhalation of aerosols generated from nanomaterial-based composites 
during drilling, and 3) the direct interaction between nanomaterials and cellular 
tissues in the oral cavity [280]. Importantly, nanomaterials can readily interact with 
cell constituents like DNA molecules, proteins and intracellular components. These 
interaction mechanisms, elimination pathways and immune responses are difficult to 
predict and understand. This uncertainty arises from nanomaterials of the same 
material displaying different behavioural characteristics towards particular cellular 
tissues. For instance, size range, surface charge and surface chemistry resulting from 
coatings can change the behaviour of nanomaterials towards cellular tissues [281]. 
Materials used in dental procedures are intended to be passive towards oral tissues 
and chemically stable in the oral environment for long periods of time. Studies have 
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reported the release of metal ions from amalgams and metal alloys [182]. 
Furthermore, other studies have reported the release of various chemical species 
from resin composites and dental sealers [282-284]. To date, there are no studies 
evaluating the potential toxicity of dental products containing nanomaterials. Thus, 
there is a clear need for more research to develop new nanomaterial-based dental 
products, but also to identify and evaluate the potential hazards resulting from 
exposure to these new products both in the short and long-term [285]. Data from 
such studies would help to develop systemic solutions for delivery of safe and 
successful clinical outcomes for patients and dental professionals [286]. 
 
7. Future perspectives  
The demand for new dental products continues to be an active scientific and 
commercial endeavour. Currently there is no one product that meets all the necessary 
properties and requirements for preventative or restorative applications. However, 
advances in nanotechnology-based strategies for developing new products is 
believed to be the most effective method of delivering positive outcomes for 
patients. There are several active areas of research currently being investigated. For 
instance, to reduce anxiety and provide greater patient comfort during dental 
procedures, colloidal solutions composed of millions of active nanometre scale 
robots could be introduced into the oral cavity to shut down specific nerves. Once in 
the oral cavity, the practitioner directs the nano-robots to specific tooth locations or 
soft tissues. The nano-robots then migrate into tissue structures to specific targeted 
nerves and shut down their sensitivity. Then after the dental procedure, the 
practitioner commands the nano-robots to restore nerve sensitivity and leave the 
tissues [31,287]. Similarly, orthodontic nano-robots could be used to remodel 
periodontal tissues and allow tooth straightening, rotation, and repositioning without 
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pain in minutes to a few hours [288,289]. Alternatively, nano-robotic dentifrices 
could be used to transport and distributed toothpastes or mouthwashes to breakdown 
organic matter or oral microbes into harmless by-products [28]. Similarly, nano-
robots could also be used to deliver pharmaceuticals and antibiotics (nano-
encapsulation) [290,291]. While nano-sensors/robots could be used to detect and 
identify harmful materials in order to assist in diagnosing and treating diseases, and 
ultimately improve the wellbeing of patients [140,292]. In addition, there is current 
research into developing smart nanomaterials that assist in repair, promote cellular 
regeneration and osseointegration of bioactive dental implants [186,293]. However, 
there are also challenges facing these new technologies. For instance, developing 
low-cost and mass produced nano-robotic platforms capable of undertaking their 
designed tasks. There is also a need to develop smart nanomaterials, protocols and 
nano-devices capable of delivering methods for disease monitoring, diagnosis, 
prevention and treatments tailored to individual patients.   
 
8. Concluding Remarks 
This present review has highlighted the importance and use of emerging 
nanomaterials in preventative and restorative dentistry. Nano-dentistry has the 
potential to transform dentistry and deliver a wide range of novel products capable of 
delivering more effective health care strategies. However, as discussed above, the 
benefits need to be balanced against possible negative health effects resulting from 
exposure to these new and largely unknown products. Current studies suggest 
toxicity from the use of nanomaterials is low, but further research is needed to fully 
identify potential toxicity issues, arising from exposure levels and human-
nanomaterial interaction mechanisms across the ages. Future longitudinal research 
may allay health-related concerns, while practitioner and public acceptance and 
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adoption are needed before nano-dentistry can deliver a new era of health care 
benefits.  
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2.3. Chapter Summary 
Chapter 2 consisted of an extensive literature review that assessed and discussed the 
importance and use of new nanomaterials in preventative and restorative dentistry. 
The review highlighted the importance of the new field of nano-dentistry and its 
potential to transform conventional dental practices. Importantly, nano-dentistry has 
the potential to deliver a wide range of novel products capable of delivering more 
effective health care strategies. However, the review also highlighted the need to 
balance the benefits against possible negative health effects resulting from exposure 
to these new and largely unknown materials. Crucially, the review emphasised the 
possible toxicity risk arising from the use of nanomaterials. Current studies suggest 
the toxicity risk is low, but the review highlighted the need for further research to 
fully investigate and identify potential toxicity issues, arising from exposure levels 
and human-nanomaterial interaction mechanisms. The review presented several 
future perspectives for possible developments, knowledge gaps and suggestions for 
future research. 
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Chapter 3: 
Significance, synthesis and characterisation techniques used to analyse 
nanometre scale hydroxyapatite powders 
 
3.1. Introduction 
Chapter 3 is composed of five sections. In the first part, hydroxyapatite is identified as 
an important component of calcified tissues like bone, dentine and enamel. In each of 
these hard tissues, hydroxyapatite is a crucial inorganic mineral that provides structural 
support to the respective tissue. In particular, the acellular arrangement of 
hydroxyapatite crystallites in tooth enamel makes it the hardest material in the human 
body. The second part identifies the close chemical similarity between synthetically 
produced hydroxyapatite and natural apatite found in bone, dentine and enamel. It also 
highlights the advantages of using synthetic hydroxyapatite as a suitable material for 
substitution or replacement strategies in several forms of medical and dental procedures. 
The third part briefly discusses various methods that have been developed to produce 
micrometre and nanometre scale forms of calcium phosphate materials, including 
hydroxyapatite. While part four discusses the combined ultrasound/microwave-based 
method specifically developed and optimised for the present research. And finally, part 
five discusses the various advanced characterisation techniques used to analyse the 
physiochemical properties of the different nanometre scale hydroxyapatite powders 
produced as part of the present work.    
 
3.2. Natural forms of hydroxyapatite found in bone, dentine and enamel.  
The human body’s skeletal system is made up of calcified tissues, also known as hard 
tissues, which protect organs, tissues and provides point of attachment to muscle groups 
that permit bodily motion. While in the oral cavity of the skull are the teeth, which 
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perform the demanding functions of incision, laceration and grinding. Each tooth has 
two distinct regions (crown and root as seen in Figure. 1.1 presented in Chapter 1), 
which are delineated by the gum. The lower region is the root and it anchors the tooth in 
the socket (alveoli). The upper region is the upper enamel-coated crown, which is above 
the gum and directly experiences the tearing and grinding of food during mastication. 
Dental enamel is significantly different from other calcified tissues because it is 
composed of calcium-deficient carbonated hydroxyl apatite (96% wt.), with the balance 
of the weight made up by organic materials and water. While other calcified tissues 
such as dentine and bone have much lower amounts of inorganic minerals [1].  The  
 
 
Figure 3.1: A schematic of structural nanometer scaled crystallites of hydroxyapatite 
present in enamel [3, 4] 
 
enamel coating is thin (< 1 mm), acellular, brittle and the hardest material in the human 
body. And like bone, both enamel and dentine have hierarchical structures in the 
micrometre scale and nanometre scale, with surface features at the nanometre scale [2]. 
At the micrometre scale, the enamel contains highly organised prism-like structures that 
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are typically 5 µm in diameter. At the nanometre scale, the prisms are composed of 
densely packed hydroxyapatite rod-like crystals that are arranged roughly parallel to 
each other as seen in Figure 3.1.  
 
In mature humans, these crystals are typically around 26 nm in diameter and 68 nm in 
length, and surrounded by a 2 nm thick layer of protein [1, 5]. The rod-like structures 
are perpendicularly orientated to the tooth surface, giving the enamel an anisotropic 
force resisting property that resists the forces produced during mastication [6]. In 
contrast, dentine is a hydrated tissue that is less mineralised (65-70%) than enamel, with 
balance made up by collagenous and non-collagenous proteins fluids. Dentine is not as 
hard as enamel, because the dentinal matrix is mainly composed of type I collagen 
fibrils forming a three dimensional scaffold structure. Reinforcing the matrix are 
numerous hydroxyapatite crystallites (~20 nm) embedded in the structure [7]. The inner 
most region of the dentine matrix is the central pulp cavity, which contains blood 
vessels, connective tissue and nerve fibres. Also present and radiating outwards from 
the central pulp cavity to the exterior of the dentine matrix are numerous micro-scale 
liquid filled tubules. Each tubule contains an odontoblast cell that generates and 
maintains the dentine structure [8]. 
 
Similarly, bone has a hierarchical structural consisting of five size scales as shown in 
Figure 3.2. The first scale is the macrostructure, which consists of cortical and 
cancellous bone, while the second is the microstructure (10 to 500 µm) and consists of 
osteons or single trabeculae [9]. The third scale is the sub-microstructure (1 to10 µm) 
and contains the thin plate- like structures known as the lamellae. The fourth scale 
consists of larger nanostructures (500 nm up to 1µm) which contain collagen fibre 
assemblies composed of collagen fibrils reinforced with hydroxyapatite (HAP) crystals 
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[10]. The fifth scale (<500 nm) is composed of individual molecular components like 
collagen, HAP and mineral crystals and non-collagen organic proteins [11]. The 
presence of calcium phosphate minerals and in particular HAP highlights the 
importance of these materials as a structural member in calcified tissues like bone, 
dentine and enamel. Calcium phosphate minerals exist in several different forms and are 
distinguished from each other by their stoichiometric ratio of calcium to phosphate 
(Ca/P), a property which is important for determining the respective calcium 
phosphate’s crystallinity, solubility and strength [12]. Calcium phosphate ratios vary 
from 0.5 to 2.0 as seen in Table 3.1 and also indicates different stability conditions and 
key formation parameters for each material [13]. Importantly, not all calcium 
phosphates are suitable for biomedical applications. For instance, compounds with 
calcium phosphate ratios less than one, the solution acidity and solubility rates make 
them unsuitable for the body environment.  
 
 
Figure 3.2: Schematic of the hierarchical levels of materials found in bone [14, 15] 
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Table 3.1: A selection of common calcium phosphate compounds [39, 40] 
Note: Compound cannot be precipitated in an aqueous solution 
 
3.3. Advantages of using synthetic hydroxyapatite 
The close chemical similarity of synthetically produced HAP to natural apatite found in 
bone, dentine and enamel has made it an ideal candidate for substitution or replacement 
strategies in several forms of medical and dental procedures [16, 17]. There are four 
advantages of using synthetic HAP in dental and medical procedures. These advantages 
include: 1) good biocompatibility with surrounding tissues; 2) slow biodegradability in 
situ; 3)  good osteoconductivity, and 4) good osteoinductivity [18, 19]. In particular, 
studies have shown that HAP is biocompatible with soft tissues such as skin, muscle 
and gums [20, 21]. Furthermore, HAP has also been found to be an ideal agent for 
enhancing remineralisation and improving the hardness of both enamel and dentine [22, 
23]. Another interesting feature of HAP is its complex structure, which provides a good 
absorption matrix for other molecules. This property has been exploited in a number of 
biomedical applications like HAP-antibiotic and HAP-drug composites for in situ slow 
release to treat diseases such as osteomyelitis [24, 25]. From another perspective, HAP 
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found naturally in enamel and dentine is non-stoichiometric and has small deficiencies 
in Ca, P and OH. These deficiencies are made up by the inclusion of small amounts of 
ionic substitutions consisting of different types of elements like magnesium, strontium, 
sodium, and silicon [26]. The inclusion of these metallic ionic substitutions in the HAP 
lattice structure changes its structure and modifies its surface chemistry, which in turn 
can influence the biochemistry of bones, enamel and dentin [27]. For instance, the 
presence of small concentrations of silicon promotes bone formation and calcification in 
the osteoid regions of young mice and rats [28, 29]. Similarly, studies have shown that 
inclusion of magnesium in HAP acts as a growth factor and helps in stimulating 
osteoblast proliferation [30, 31]. Because of unique properties of HAP, including drug 
delivery capacity or ion substitution potential, it has been widely used in numerous 
medical and dental procedures. In particular, in the dental field granular and powder 
forms of HAP are used in a variety of procedures that include: 1) restoration of 
periodontal bone defects [32]; 2) edentulous ridge augmentation [33]; 3) increasing the 
thickness of atrophic alveolar ridges; 4) filling bone defects after cystectomy; 5) 
endodontic treatment procedures such as repairing bifurcation perforations and pulp-
capping [34, 35] and 6) dental implant coating [36]. While shaped HAP blocks are 
currently used in maxillofacial surgery to repair and reconstruct bone damage resulting 
from trauma or disease. Furthermore, both micro-scale and nano-scale forms of HAP 
have been used as fillers for reinforcing GICs and restorative resin composites [37, 38]. 
 
3.4. Methods of producing nanometre scale hydroxyapatite 
Over the years several methods have evolved to manufacture both micrometre and 
nanometre scale calcium phosphate materials, including HAP. Some of these methods 
have included wet chemical techniques like homogeneous precipitation [41, 42], sol-gel 
[43, 44], reverse micelle [45] and hydrothermal [46, 47]. And other methods that have 
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included spray dry method [48], plasma spray [49], and ultrasonic spray freeze-drying 
processes [50]. Traditionally, wet chemical techniques are the most appealing since they 
are relatively straight forward and do not rely on specialised equipment. However, the 
main disadvantage of these techniques is to effectively control the size range and 
morphology of the particles produced. This is a crucial factor in generating 
nanoparticles, since their size and morphology determines their physiochemical 
properties. Also, nanoparticles produced using wet chemical techniques also need a 
subsequent thermal treatment at elevated temperatures to produce specific crystalline 
phases. Size and shape of nanoparticles produced using these methods can be modified 
by regulating process parameters that control particle nucleation and growth kinetics. In 
particular, parameters like reactant concentrations, temperature and reaction mixture pH 
can directly influence the resulting structure and shape. For instance, wet chemical 
methods have been used to generate HAP nanoparticles with plate-like shapes. 
Whereas, nanoparticles generated under the influence of ultrasonic irradiation were 
spherical in nature [51, 52]. Thus, it highlights the influence of chemical synthesis route 
on the physiochemical properties of resulting nanoparticles [53, 54]. Studies have also 
found that factors like precipitation temperatures within the reaction mixture and the 
power of ultrasonic processing unit can influence both nanoparticle size and shape [55, 
56]. While others have shown that the presence of other molecular species during 
synthesis of HAP can produce nanoparticles with different physiochemical properties. 
For instance, doping molecules have been used as modelling agents by Wang et al. to 
produce nanometre scale HAP rods [57]. Furthermore, increasing temperatures during 
the subsequent thermal treatment of nano-HAP powders has also been found to decrease 
particle sizes [58, 59].  
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In recent years there has been considerable interest shown in using sonochemical 
processing methods to produce new and novel nanomaterials with unique 
physiochemical properties. Sonochemical processing has the advantage of producing an 
acoustic cavitation effect, which generates the formation and subsequent collapse of 
bubbles within a liquid medium as seen in Figure 3.3. The collapsing bubbles generate 
extreme reaction conditions, which produce extremely high temperatures (~5000 K) and 
  
 
Figure 3.3: A schematic representation of the operating principle behind ultra-
sonochemical processing of nanomaterials 
 
high pressures (~20 MPa) [60]. Under these extreme and fluctuating conditions, unique 
physical effects and chemical reactions take place that generate novel nanomaterials 
with distinctive physiochemical properties. And from the processing perspective, 
sonochemical processing has three advantages: 1) increased reaction rates; 2) significant 
reductions in processing times, and 3) higher energy efficiencies achieved during 
processing [61, 62]. Because of the unique physical effects and chemical reactions 
generated during sonochemical processing, and the abovementioned advantages, an 
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ultrasonic-based method was developed and optimised as part of this thesis to produce 
high-quality nanometre scale hydroxyapatite powders for potential use in dental 
preventative and restorative materials.  
 
3.5. Combining ultrasound and microwave heating process for producing 
nanometre scale hydroxyapatite with rod-like geometry   
In the present work a series of nano-HAP powders were synthesised using a newly 
developed and optimised processing route that included ultrasonic processing, a 
microwave irradiation-based aging process and an annealing-based heat treatment. 
Ultrasonic irradiation was supplied by a Hielscher UP400S Ultrasonic Processor as seen 
in Figure 3.4 [61], microwave irradiation was done by using a domestic microwave 
oven (Model TMOSS25, operated at 900 W at 2450 MHz and 240V and 50Hz) and 
annealing was carried out using an in-house programmable temperature controlled 
electric tube furnace.  
 
Figure 3.4: Hielscher UP400S Ultrasonic Processor used to generate nano-HAP 
powders 
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In the initial step, a wet chemical precipitation method was used to generate HAP seeds 
in a reaction mixture under the influence of ultrasonic irradiation. During the second 
step, resulting slurries were immediately subjected to microwave irradiation for a short 
period to promote aging. The subsequent powders were then dried before undergoing 
manual grinding using a pestle and mortar. And finally in step three (heat treatment), 
the powders were annealed at an elevated temperature (800 °C) for 2 hours. The main 
reactants used in the reaction mixture were calcium nitrate tetra hydrate [Ca 
(NO3)2.4H2O] and potassium di-hydrogen phosphate [KH2PO4]. While ammonium 
hydroxide [NH4OH] was used to maintained mixture pH at 9 and the Ca/P ratio was set 
at 1.67 during the process. The process is schematically presented in Figure 3.5 and 
represents the generic procedure used during the manufacturing of HAP powders.  
 
 
Figure 3.5: Schematic representation of the generic synthesis procedure used to 
manufacture pure nano-HAP and ion-substituted nano-HAP powders 
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However, during the addition of dopants to form the metallic ion substituted HAP 
powders, the procedure was adjusted to optimise the efficiency of the procedure for 
each respective powder. Adjustments were made to the generalised procedure for each 
of the ion substitute nano-HAP powders produced and is discussed in each of the 
individual case studies presented in later chapters. An importance feature of 
ultrasonic/microwave procedure is that it produces nanoparticles with rod-like geometry 
and similar sizes to the nanoparticles found naturally in bone, dentine and enamel. 
 
3.6. Advanced characterisation techniques used to determine the physiochemical 
properties of nano-HAP powders   
All nano-HAP powders were analysed using advanced characterisation techniques like 
X-ray diffraction (XRD) spectroscopy, field emission scanning electron microscopy 
(FESEM), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) 
and Fourier transform infrared spectroscopy (FT-IR). Furthermore, peak broadening of 
the respective XRD data was studied by using Williamson-Hall (W-H) analysis to 
determine crystallite sizes, lattice strain and energy density parameters. The following 
sections discuss the respective techniques in detail.  
 
3.6.1. X-ray diffraction spectroscopy and peak analysis using Williamson & Hall 
analysis techniques 
XRD spectroscopy was used to study the crystalline structure of the various synthesised 
nano-HAP powders. The diffraction patterns were recorded using a GBC® eMMA X-
Ray Powder Diffractometer (Cu Kα = 1.54056 Å radiation source) operating at 35 kV 
and 28 mA as seen in Figure 3.6. Diffraction patterns were collected over a 2θ range 
starting at 10° and finishing at 80° with an incremental step size of 0.04° and an 
acquisition speed of 1° min-1. The Bragg peak positions present in the diffraction 
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patterns were compared with those reported in the ICDD (International Centre for 
Diffraction Data) databases and the appropriate Miller indices were assigned to each 
peak. From the respective diffraction patterns crystallite sizes were determined using the 
Debye-Scherer equation. Also from the diffraction patterns, peak broadening was 
determined and studied by using modified Williamson-Hall (W-H) analysis to 




Figure 3.6: GBC® eMMA X-Ray Powder Diffractometer located at Murdoch 
University used for X-ray Analysis 
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Ideally, a perfect crystal would extend infinitely in all directions. However, crystals 
have finite size and therefore don’t have perfect crystalline structures. Because of the 
variation from perfect crystallinity, peak broadening is seen in the X-ray diffraction 
spectra [63]. Two physical properties that can be immediately extracted from peak 
broadening analysis is crystallite size and lattice strain. The crystalline size is typically 
not the particle size due to the formation of polycrystalline aggregates during synthesis 
[64]. Whereas, lattice strain arises from imperfections in the lattice constants cause by 
factors like grain boundary stresses, lattice dislocations and stacking faults [65]. Also, 
the presence of metallic ion substitutions into the hexagonal crystalline structure of 
nano-HAP can also result in slight changes in lattice parameters. The unit cell structure 
of nano-HAP in the P63/m space group configuration is presented in Figure 3.7. The 
schematic arrangement highlights the atomic elements present and their respective 
positions in the crystal lattice. Importantly, variations in crystallite size and lattice strain 




Figure 3.7: The unit cell of nano-HAP in the P63/m space group configuration [66]. 
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Importantly, the peak widths seen in the XRD diffraction patterns is the result of both 
instrument and sample dependent effects. Therefore, before the crystalline properties of 
the nano-HAP samples could begin, the effects of instrument broadening β(hkl) was 






The crystalline size (D(hkl)) was calculated using Debye-Scherer formula presents in 





where, λ is the wavelength of the monochromatic X-ray beam and crystallite shape 
constant k, which is 0.9 for spherical crystals with cubic unit cells. And β is the Full 
Width at Half Maximum (FWHM) of the peak at the maximum intensity, θ(hkl) is the 
peak diffraction angle that satisfies Bragg’s law for the (h k l) plane and D(hkl) is the 
crystallite size. Then using Bragg’s equation (3.3) the distance between adjacent Miller 
planes (d) can be estimated:  
𝜆 = 2 𝑑 sin 𝜃 (3.3) 
In addition, lattice constants (a, c) can be calculated from equation (3.4), while the unit 







ℎ2 + ℎ𝑘 +  𝑘2
𝑎2






√3  𝑎2 𝑐
2
= 0.866 𝑎2𝑐 
(3.5) 
Interestingly, equation (3.2) reveals the Debye-Scherer formula follows a 1/cos θ 
dependency. However, studies have shown strain (ε) induced peak broadening is related 
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Importantly, both crystallite size and strain contribute to peak broadening and are 
independent of each other and can be expressed by equation (3.7): 
𝛽(ℎ𝑘𝑙) =  𝛽( 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑡𝑒 𝑠𝑖𝑧𝑒 ) +  𝛽(𝑠𝑡𝑟𝑎𝑖𝑛) (3.7) 
Thus, combining equations (3.2) and (3.6) with equation (3.7) and rearranging produces 




+ 4𝜀 tan 𝜃 
(3.8) 
And with further simplification gives equation (3.9): 
𝛽(ℎ𝑘𝑙)  cos 𝜃 =
𝑘𝜆
𝐷(ℎ𝑘𝑙)
+ 4𝜀 sin 𝜃 
(3.9) 
The above equations form part of the Williamson-Hall analysis for relating crystallite 
size and lattice strain [69]. Equation (3.9) represents the uniform deformation model 
(UDM). The UDM model assumes strain is uniform in all crystallographic directions 
and the material properties are independent of the direction along which measurements 
are made. Thus, plotting 4 sin θ along the x-axis and β(hkl) cos θ along the y-axis enable 
a linear fit to the data. From the plot strain (slope) and crystallite size (y-intercept) can 
be determined. 
 
A further analysis of XRD data can be carried out using the Uniform Stress 
Deformation Mode (USDM). The model assumes linear proportionality between the 
stress and strain, thus following Hooke’s law:  





Where Y is the modulus of elasticity or Young’s modulus and σ is the stress within the 
crystalline structure. In this model, the strain is assumed to be small and it obeys 
Hooke’s law. Thus applying the Hooke’s law under these conditions to equation (3.9) 
gives: 
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In equation (3.11) Y(hkl) is the elastic modulus in the direction normal to the set of (hkl) 
crystal lattice planes. In particular hexagonal crystallites like hydroxyapatite have a 






The elastic compliances for hydroxyapatite’s crystallographic orientations needed for 
equation (3.12) are presented in Table 3.2 below. 
 
Table 3.2: Hydroxyapatite elastic compliances [70] 
 
 
Using equation (3.11) and (3.12) both the lattice deformation stress and crystallite size  
are respectively extracted from the slope and y-intercept from the linear plot of 4 sin 
θ/Y(hkl) along the x-axis and β(hkl) cos θ along the y-axis. 
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In equation (3.11), the USDM model assumes strain is uniform in all crystallographic 
directions and the material properties are homogeneous and isotropic in nature. 
However, this may not be the case. The constant of proportionality associated with the 
elastic modulus (stress and strain relationship) may no longer be independent when the 
strain energy density u is considered. The strain energy for an elastic crystallite 





Therefore, equation (3.11) can be rewritten in terms of strain and energy and becomes 
the Uniform Deformation Energy Density Model (UDEDM) and is expressed by 
equation (3.13).   
𝛽(ℎ𝑘𝑙)  cos 𝜃 =
𝑘𝜆
𝐷(ℎ𝑘𝑙)







Thus, plotting β(hkl) cos θ along the y-axis and 4 sin θ (2u/Y(hkl))
1/2 along the x axis the 
anisotropic energy density u was estimated from the slope and the crystallite size was 
determine from the y-intercept. 
 
Thus, using the Williamson-Hall analysis, it is possible to select the most appropriate 
model that best fits the experimental data and calculate both lattice strain and crystallite 
size for a given sample.  
 
3.6.2. Electron microscopy and energy dispersive spectroscopy 
Electron microscopy studies were undertaken to investigate the size and morphology of 
various nano-HAP powders. High resolution imaging studies were carried using a FEI 
Verios® 460 XHR Scanning Electron Microscope located in the Centre of Microscopy, 
analysis and characterization at the University of Western Australia as seen in Figure 
3.8. Visual morphological analysis was done using the FEI’s imaging software and 
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Immersion lens in the SEM column. The accelerating voltage and probe current was set 
at 5kV and 0.1nA respectively. The sample preparation consisted of suspending powder 
samples in ethanol and then fixing on aluminium stubs via copper tape. The samples 
were then vacuum dried before being platinum coated (2 nm thick layer) using a sputter 
coated (E5000 Polaron Equipments Ltd).  
 
 
Figure 3.8: FEI Verios® 460 XHR Field Emission Scanning Electron Microscope at 
UWA 
 
In addition, the JEOL JCM-6000, NeoScope TM electron microscope located at 
Murdoch University as seen in Figure 3.9 was used to examine and image nano-HAP 
powders. Prior to imaging, samples were dried, fitted to holders using copper adhesive 
tape and then sputter coater (E5000 Polaron Equipments Ltd) with a 2 nm layer of 
platinum to prevent charge build up. The energy dispersive spectroscopy (EDS) 
attachment of the electron microscope was also used to determine the atomic 
composition of various powder samples. 
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Figure 3.9: JEOL JCM-6000, NeoScope TM electron microscope at MU 
 
3.6.3. Fourier transform infrared spectroscopy (FT-IR)  
FT-IR studies were undertaken to identify functional groups and their respective 
vibration modes present in the nano-HAP samples. Sample analysis was done using a 
PerkinElmer FT-IR / NIR Spectrometer Frontier fitted with a Universal signal bounce 
Diamond ATR attachment. FT-IR spectra were recorded in the scanning range from 400 
to 4000 cm-1 with a resolution step of 1 cm-1.  
 
 
Figure 3.10: PerkinElmer FT-IR / NIR Spectrometer Frontier at MU 
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Chapter 4: 
Development, optimisation and characterisation of pure nanometre scale 
hydroxyapatite powders generated by a combined ultrasonic and 
microwave-based process 
 
4.1. Overview and author contributions 
This chapter addresses the second aim of the research project, namely, to develop and 
optimise a combined ultrasonic and microwave heating based process for generating 
nanometre scale powders composed of rod-like crystallites that have similar material 
properties, size and shape to crystallites found in dental enamel and dentine. The main 
reactants used in the reaction mixture were calcium nitrate tetra hydrate [Ca 
(NO3)2.4H2O] and potassium di-hydrogen phosphate [KH2PO4]. Ammonium hydroxide 
[NH4OH] was used to sustain the pH of reaction mixture above 9 and maintain the Ca/P 
ratio at 1.67 during the synthesis process. During synthesis, the reaction mixture was 
exposed to ultrasonic irradiation (200 W) for 20 minutes. After synthesis, the slurries 
were microwave irradiated which aged the drying mixture. The resulting agglomerated 
powders underwent grinding in a mortar and pestle to produce an ultrafine powder. 
Energy dispersive spectroscopy (EDS) was used to determine the elemental 
composition and to confirm the Ca/P ratio of 1.67 had been maintained. FT-IR 
spectroscopy confirmed that the powders produced were indeed nano-HAP and did not 
contain any detectable impurities. Both TEM and FESEM image analysis were used to 
determine the nanoparticle size and shape. The results of this study addresses the 
objective of Aim 1, that is to develop and optimise a combined ultrasonic and 
microwave heating based process for generating nanometre scale hydroxyapatite 
powders that have similar material properties to crystallites found in dental enamel and 
dentine. 
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S Rattan conducted all of the experiment work and advanced characterisation 
techniques [(XRD), (FESEM), (TEM) and (FT-IR)] to determine various 
physiochemical properties of the synthesised powders and was actively involved in the 
subsequent data analysis. G.E. Poinern acted as principal supervisor and designed the 
research concept for the paper with S Rattan. D. Fawcett provided technical assistance, 
while S Rattan was actively involved with data analysis and manuscript preparation. All 
authors actively participated in the preparation of the manuscript for submission to peer 
reviewed journal. 
 
4.2. Publication: Research Article: 
Case Study 1 
Supriya Rattan, Derek Fawcett and Gerrard Eddy Jai Poinern. Ultrasonic and 
microwave assisted fabrication of nanorods of hydroxyapatite crystallites and X-ray 
peak profiling using Williamson–Hall method as a potential Dental Restorative 
material  
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Ultrasonic and microwave assisted fabrication of nanorods of 
hydroxyapatite crystallites and X-ray peak profiling using 
Williamson–Hall method as a potential Dental Restorative material 
 
Supriya Rattan, Derek Fawcett and Gerrard Eddy Jai Poinern* 
 
Murdoch Applied Nanotechnology Research Group. Department of Physics, Energy 
Studies and Nanotechnology, Murdoch University, Murdoch, Western Australia 6150, 
Australia. 
 
* Corresponding author email: g.poinern@murdoch.edu.au 
 
Highlights 
 This paper discusses the effect of ultrasonic/microwave thermal synthesis for 
the fabrication of nano crystallites of hydroxyapatite, HAP. 
 Effect of ultrasonic irradiation on the structural lattice parameters of HAP was 
demonstrated by Williamson-Hall analysis method. 
 Nanorods of HAP were of 1:7 aspect ratio with diameters ranging from 18 nm 




In the present paper, nanometre scale hydroxyapatite powders with an ellipso ida l 
shape, were prepared using a combined ultrasonic and microwave heating-based 
method. Subsequent annealing at 800 °C for 2 h of as-synthesised powders produced 
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nanoparticles with a rectangular and granular morphology. The hydroxyapatite 
particles were characterized using X-ray diffraction, Fourier transform infrared 
spectroscopy methods. Also, nanoparticle size and morphology were investiga ted 
using transmission electron microscopy and field emission scanning electron 
microscopy. The resulting X-ray diffraction peaks indicated that the powders were 
highly crystalline in nature and no impure phase was present in the powders. The X-
ray diffraction data, was used to study the effects of peak broadening using 
Williamson-Hall (W-H) analysis. The analysis used the uniform deformation model 
(UDM), uniform stress deformation model (USDM) and uniform deformation energy 
density model (UDEDM) to determine physical parameters like crystallite size, lattice 
strain, stress and energy density. The results of the analysis were found to be 
comparable with the microscopy studies. 
 
Key words: Hydroxyapatite, ultrasonic synthesis, biomedical, X-ray peak analysis. 
 
1. Introduction 
Maintaining good oral health is an important factor that directly contributes to overall 
well-being. Dental treatments are the most frequent medical procedures performed on 
human being. The major cause for dental treatments is the frequent consumption of 
acidic foods and beverages common to many diets.1 The increasing consumption of 
more acidic foods and beverages drastically accelerates tooth erosion and 
demineralization.2 There is a growing body of literature that recognises the prevalence 
of periodontal disease affecting the major segment of the global population.  Some of 
the common factors which increases the risk of periodontal diseases include smoking, 
hormonal imbalance, genetic susceptibility, poor oral hygiene and nutrition, teeth 
grinding, stress, diabetes, and medications. Dental treatment strategies range from a 
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variety of preventative protocols like mouthwashes and toothpastes, to restorative 
procedures that range from cavity filling (dental caries) to completely replacing the 
damaged or decayed teeth. Human teeth are composed of different types of calcified 
tissues, which categorise teeth as hard tissue. These calcified tissues consist of enamel, 
dentine and cementum. The upper region of teeth (above the gum) is the enamel-
coated crown and directly experiences the tearing and grinding of food during 
mastication. The thin enamel coating (< 1 mm) is brittle and the hardest materia l 
present in the human body. It is composed of calcium-deficient carbonate hydroxyl 
apatite (96% wt.), with the balance of the weight made up by organic materials and 
water.3 While the underlying dentine, which is not as hard as enamel, is composed of 
a three dimensional organic scaffold structure reinforced by numerous hydroxyapatite 
crystallites (~20 nm) embedded in the structure.4 The inner most region of the dentine 
contains the central pulp cavity, which contain blood vessels, connective tissues and 
nerve fibres. Radiating outwards from the central pulp cavity to the exterior of the 
dentine are numerous micrometre scale liquid filled tubules. Each tubule contains a 
living odontoblast cell that generates and maintains the dentine.5 
 
Naturally occurring hydroxyapatite (HAP) is a mineral composed of calcium 
phosphate groups that form a hexagonal lattice structure.  The unit cell is expressed 
by the general formula of [Ca10(OH)2(PO4)6]. Chemical and crystallographic studies 
have shown close physiochemical similarity between synthetic HAP and HAP 
naturally found in enamel and dentine.6, 7 Studies have shown that there are four main 
advantages of using synthetic HAP in dental and medical procedures. These 
advantages include: 1) good biocompatibility with surrounding tissues; 2) slow 
biodegradability in situ; 3) good osteoconductivity, and 4) good osteoinductivity.8, 9  
Interestingly, HAP-based pastes are used in dental procedures to treat surface 
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discolorations, chips and voids in enamel and as re-mineralizing agents in 
toothpastes.10, 11 While granular and powder forms of HAP are used in dental 
procedures like: 1) restoration of periodontal bone defects;12 2) edentulous ridge 
augmentation;13  3) increasing the thickness of atrophic alveolar ridges; 4) filling bone 
defects after cystectomy; 5) endodontic treatment procedures such as repairing 
bifurcation perforations and pulp-capping 14, 15 and 6) dental implant coating.16  HAP 
blocks of various sizes and shapes have also been used in maxillofacial surgery to 
repair and reconstruct bone damage after trauma or disease. While micrometre scale 
and nanometre scale forms of HAP have been used as reinforcing fillers in glass 
ionomer cements (GICs) and restorative resin composites.17, 18 
 
The most important feature of nanotechnology is the synthesis, modification and 
creation of functionalized nanomaterials with tailored and enhanced properties when 
compared to conventional bulk materials.19, 20  The close chemical similarity of 
synthetic HAP to natural forms of HAP found in enamel and dentine has led to the 
extensive research efforts into designing and synthesising nanometre scale forms of 
synthetic HAP with specific physiochemical properties suitable for use in preventative 
and restorative procedures. The present work demonstrates properties like crystallite 
size (D(hkl)), lattice strain (ε), stress (σ) and energy density (u) found in nanometre scale 
HAP (nano-HAP) powders produced by a recently developed and optimised combined 
ultrasonic and microwave heating-based chemical method. These properties of the as 
synthesised and annealed (800 °C) samples were estimated using Williamson– Hall 
based X-ray peak analysis by means of the uniform deformation model (UDM), 
uniform stress deformation model (USDM) and uniform deformation energy-density 
model (UDEDM). Furthermore, Fourier transform infrared spectroscopy (FT-IR) was 
used to identify functional groups and their respective vibration modes and possible 
Page | 135  
 
impurities present in the samples. Energy dispersive spectroscopy (EDS) was used to 
perform an elemental analysis of the samples and field emission scanning electron 
microscopy (FESEM) was used to determine the overall size and shape of the 
respective samples. 
 
2. Materials and methods 
2.1. Materials  
The chemicals used in this study were procured from Chem Supply (Australia) and 
Sigma Aldrich (USA). The aqueous reagents were prepared using MilliQ® water (18.3 
M Ω cm-1) produced by an ultrapure water system (Barnstead Ultrapure Water System 
D11931; Thermo Scientific, Dubuque, IA). Chemical synthesis was carried out on a 




2.2.1. Preparation of nanometre scale hydroxyapatite powders  
Preparation of HAP began by decanting a 40 mL solution of 0.32M Ca(NO3)2⋅4H2O 
into a small beaker kept under ultrasonic processor. The processor used was a UP400S 
supplied by Hielscher Ultrasound Technology (Teltow, Germany) and fitted with a 22 
mm diameter Sonotrode operating at 24 kHz. During the ultrasonic time, solution pH 
was maintained above 9 using 5 mL of NH4OH added at regular intervals. A 60 mL 
solution of 0.19M [KH2PO4] was slowly added drop-wise to the above solution under 
ultrasonic irradiation conditions. The mixture was then subjected to ultrasonic 
processing for 20 minutes at maximum amplitude and operating at 200 W. The 
solution pH was sustained above 9 and the Ca/P ratio of 1.67 was mainta ined 
throughout the process. After processing, the white precipitates formed underwent 
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centrifugation at 3500 rpm for 20 minutes and was followed by washing with MilliQ ® 
water several times. The precipitate was heated in a microwave oven (Model 
TMOSS25) operated at 900 W at 2450 MHz and 240V and 50Hz rated at full power 
for a 12-minute treatment period. After treatment, samples were ground to the 
consistency of an ultrafine powder using mortar and pestle. After grinding of powders, 
a selection of powders was annealed at 800 °C for 2 hours. All powders were then 
studied using advanced characterisation techniques. 
 
2.2.2. Powder Diffraction Studies 
X-Ray Diffraction (XRD) spectroscopy was carried out on powder samples using a 
GBC® eMMA X-Ray Powder Diffractometer (Cu Kα = 1.54056 Å radiation source) 
operating at 35 kV and 28 mA. Diffraction patterns were recorded over a 2θ range 
starting at 10° and finishing at 80°. The incremental step size used over the 2θ range 
was 0.04° and an acquisition speed was 1° min-1. From the XRD patterns the Bragg 
peak positions were identified and compared to those reported in the ICDD 
(International Centre for Diffraction Data) databases and were assigned the 
appropriate Miller indices. Peak broadening data from the XRD patterns were studied 
by using Williamson-Hall (W-H) analysis to determine physical parameters like 
crystallite size, strain, stress and energy density.  
 
2.2.3. Fourier transform infrared spectroscopy (FT-IR) 
Fourier transform infrared spectroscopy (FT-IR) was used to identify functiona l 
groups and their respective vibration modes in the samples using a PerkinElmer FT-
IR / NIR Spectrometer Frontier fitted with a universal signal bounce Diamond ATR 
attachment. The dry samples were thoroughly mixed and placed on FTIR top-plate 
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sample holder with pressure arm accessories. FT-IR spectra were recorded in the 
wavenumber interval of 400 to 4000 cm-1 with a resolution step of 1 cm-1.  
 
2.2.4. TEM, SEM and EDS 
 Particle size and shape was initially obtained from a JEOL JCM-6000, NeoScopeTM 
electron microscope. Prior to imaging, samples were dried, fitted to holders using 
copper adhesive tape and sputter coated using SEM coating unit E5000, Polaron 
Equipments Ltd with a 2 nm layer of platinum to prevent charge build up. Similar ly, 
the disinfected human wisdom tooth sample was sputter coated with gold for 80 
seconds and imaged under microscope.  The Energy dispersive spectroscopy (EDS) 
attachment of the microscope was used for elemental analysis. While high resolution 
imaging of the respective samples was carried out using a field emission scanning 
electron microscope (FESEM: FEI-Verios 460 XHR) operating at 5 kV, with 0.10 nA 
current and operating under secondary electron mode. FEI’s imaging software and 
Immersion lens FESEM column was used for nanoscale imaging. The visual 
morphological analysis was also done using FEI-TITAN G2 80-200 Transmiss ion 
Electron microscope (TEM) operated at 200kV brightfield mode (installed at Centre 
for Microscopy, Characterisation & analysis, University of Western Australia). 
 
3. Results and discussions 
3.1. XRD and Williamson–Hall based X-ray peak analysis  
Representative XRD patterns for the synthesised stoichiometric nano-HAP powders 
and subsequently annealed samples are presented in Figure 1. The Miller indices of 
the main observed peaks in annealed sample corresponding to 2ʘ angle of 25.92, 
31.84, 32.2, 32.92,34.16 46.76, 49.56 and 53.24 are (0 0 2), (2 1 1), (1 1 2), (3 0 0), (2 
0 2), (2 2 2), (2 1 3) and (0 0 4) respectively. Both samples clearly display several 
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diffraction peaks indicating polycrystalline structures. The observed peak positions in 
the patterns were indexed and compared with those reported in the database of the 
Joint Committee on Powder Diffraction Standards (JCPDS No. 09–0432) for pure 
hexagonal crystalline hydroxyapatite. In each case the applicable Miller indices were 
assigned to the respective peaks as shown in Figure 1. Also seen in Figure 1 are some 
changes in the intensity and sharpness of peaks present in the annealed pattern 
compared to that of synthesised sample.  
 
 
Figure 1: XRD patterns of nano-hydroxyapatite: (a) as synthesised and (b) after 
annealing at 800 °C for 2 h. 
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This clearly indicates improved crystallinity and increased crystallite size, and has also 
been reported in similar studies. 20, 21 The crystallinity of the as synthesised samples 
was also confirmed by the ring pattern generated by the selected area electron 
diffraction (SAED) as seen in Figure 4 (d). Importantly, the presence of impurities, if 
any, were below the detection limit of XRD analysis. The crystallite size was 
calculated using both the Scherrer (DS (hkl)) equation (1) and Williamson-Hall (D (hkl)) 
equations (2), while Williamson-Hall analysis was used to determine strain (ε), stress 




𝛽(ℎ𝑘𝑙)  cos 𝜃(ℎ𝑘𝑙)
 (1) 
𝛽(ℎ𝑘𝑙)  cos 𝜃 =
𝑘𝜆
𝐷(ℎ𝑘𝑙)
+ 4𝜀 sin 𝜃 
(2) 
 
where, λ is the wavelength of the monochromatic X-ray beam and crystallite shape 
constant k, which is 0.9 for spherical crystals with cubic unit cells. And β is the Full 
Width at Half Maximum (FWHM) of the peak at the maximum intensity, θ (hkl) is the 
peak diffraction angle that satisfies Bragg’s law for the (h k l) plane, ε is the strain, and 
Ds (hkl) and D(hkl) are the respective crystallite sizes. Equation (2) represents the uniform 
deformation model (UDM) and assumes strain is uniform in all crystallographic 
directions and material properties are independent of the direction along which 
measurements are made. Thus, plotting 4 sin θ along the x-axis and β(hkl) cos θ along 
the y-axis enable a linear fit to the data. From the plot slope (ε) and (y-intercept) 
crystallite size (D(hkl)) can be estimated. The plots are illustrated in Figure 2 and the 
calculated (D(hkl)) and ε values are presented in Table 1. 
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Williamson - Hall Methods 
UDM USDM UDEDM 
D(hkl) 
(nm) 










23.28 26.35 2.586 16.81 55.28 20.28 19.03 
Annealed 
at 800 °C 
for 2h 
29.11 32.75 0.549 30.43 38.65 32.1 10.99 
 
The crystallite surface stress was calculated using the Uniform Stress Deformation 
Mode (USDM), which assumes linear proportionality between stress and strain, thus 
obeying Hooke’s law:  




Where Y is the modulus of elasticity or Young’s modulus, substituting equation (3) 
into (2) and rearranging give equation (4):  
 









In hexagonal crystallites like hydroxyapatite the elastic modulus Y(hkl) is dependent on 
crystallographic direction (normal to the set of (hkl) crystal lattice planes) and is 
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The elastic compliances for the respective crystallographic directions are S11 = 7.49 x 
10-12, S33 = 10.9 x 10-12, S44 = 15.1 x 10-12 and S13 = -4.0 x 10-12 m2N-1. 22 Thus, plotting 
4 sin θ/Y(hkl) along the x-axis and β(hkl) cos θ along the y-axis produces a linear graph 
in which the slope (σ) and crystallite size (D(hkl)) can be estimated. The plots are 
illustrated in Figure 2 and the calculated (D(hkl)) and σ values are presented in Table 1. 
 
 
Figure 2: Plots of β(hkl) cos θ versus 4 sin θ;  β(hkl) cos θ versus 4 sin θ/Y(hkl) and β(hkl) 
cos θ versus 4 sin θ (2u/Y(hkl))1/2 for as synthesised samples (a, c, e) and annealed 
(800 °C) samples (b, d, f) 
 
The anisotropic energy density (u) was estimated using the Uniform Deformation 
Energy Density Model (UDEDM), which modifies equation (2) by substituting the 
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strain energy for an elastic crystallite following Hooke’s law, equation (6) to produce 






𝛽(ℎ𝑘𝑙)  cos 𝜃 =
𝑘𝜆
𝐷(ℎ𝑘𝑙)








Then plotting β(hkl) cos θ along the y-axis and 4 sin θ (2u/Y(hkl))1/2 along the x axis, the 
anisotropic energy density u was estimated from the slope and the crystallite size was 
determined from the y-intercept. The plots are illustrated in Figure 2 and the calculated 
(D(hkl)) and u values are presented in Table 1. 
 
Table 2: Lattice parameters & unit cell volume of samples before and after 
annealing 
 
Sample Lattice parameters Unit cell volume 
a (Å) c (Å) V (Å3) 
As synthesised 9.4256 6.8933 530.351 
Annealed at 800 °C 
for 2h 
9.4191 6.8988 530.042 
 
 
Also calculated from the XRD data were the lattice constants (a, c) and unit cell 
















√3  𝑎2 𝑐
2
= 0.866 𝑎2𝑐 
(9) 
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The calculated lattice constants and unit cell volumes obtained for the sample are 
presented in Table 2.  
 
Both Scherrer and Williamson-Hall analysis revealed that product formed as a result 
of annealing increases in crystallite size as seen in Table 1. This change might be due 
to a morphological transition as a result of increased processing temperature. As 
reported by other researchers, crystallite size and crystallinity tends to increase as the 
reaction temperature increases.23,24 While Williamson-Hall analysis also revealed that 
annealing reduced the strain in the crystal structure. For instance, strain in the as 
synthesised sample was 2.586 x 10-3, but annealing of sample reduced it to 0.549 x 10-
3. Similarly, there was also a reduction of crystallite surface stress that was down from 
55.28 MPa for the as synthesised sample to 38.65 MPa for the annealed sample. There 
was also a reduction seen in energy densities, with the as synthesised sample dropping 
from 19.03 KJ/m3 to 10.99 KJ/m3. These changes in properties resulting from 
annealing have also been reported in similar studies by other researchers. 25, 26 While 
analysis of the lattice parameters and unit cell volumes presented in Table 2 revealed 
very little difference between the samples. A similar result by Chaikina et al. was 
reported for a study using similar annealing temperatures. 27 
 
An FT-IR spectroscopy investigation was carried out on all samples and revealed the 
absence of impurities, while an increase in crystallinity resulting from annealing 
resulted in the sharpening of bands as seen in Figure 3. The as synthesised spectra (a) 
in Figure 3 shows a number of characteristic bands associated with HAP. Moving from 
left to right, the bands occurring at 564 cm-1 and 601 cm-1 are the result of O-P-O 
vibrational modes. While at 632 cm-1 a weaker hydroxyl vibrational mode was 
detected, and at 832 cm-1 there was a band indicating the presence of carbonates. Next  




Figure 3: FTIR spectra of: (a) as-synthesized nano-HAP and (b) nano-HAP 
annealed at 800 °C for 2 h 
 
was a band located at 961 cm-1 which was produced by the symmetric stretching 
vibrations of the P-O mode. While stronger bands located at 1032 cm-1 and 1092cm-1  
correspond to the (PO4) 3− functional group, and the weaker band located at 1384cm-1  
corresponds to the (CO3)2− functional group. The presence of the carbonates is the 
result of interaction between the nano-HAP precursor alkaline solution and 
atmospheric carbon dioxide. This peak has been seen in several other studies and 
reported. 28, 29 The smaller band located at 1644 cm-1 also corresponded to a (CO3)2− 
group. While the band located at 3432 cm-1 indicated the presence of absorbed water 
and the weaker band located at 3570 cm-1 corresponded to vibrations of OH− ions in 
the nano-HAP lattice. The slightly sharper bands in the annealed sample (b) indicates 
improved crystallinity of the HAP.30 The absence of bands at 1644 and 1384 cm-1 is 
due to the loss of carbonate ions during heating in air and is typical when annealing 
temperatures are above 700 °C.31 In addition, the loss of the broad band at 3432 cm-1  
Page | 145  
 
in the annealed sample is due to the loss of adsorbed water during the annealing 
process. Furthermore, EDS sampling carried out during the manufacture of the nano-
HAP powders revealed the elemental Ca/P ratio was maintained at 1.67 during the 
synthesis, which enabled the production of high quality powders. A representative 
EDS spectrum is presented in Figure 4 (b). 
 
 
Figure 4: (a) Transmission Electron Micrographs of as-synthesised nano-HAP 
particles; (b) representative EDS elemental analysis; (c) clustering of as-synthesised 
particles; (d) representative SAED pattern of as prepared sample; (e) representative 
SEM image of highly agglomerated as synthesised nano-HAP, and (f) SEM showing 
the physical effect on HAP sample as a result of annealing at 800°C. 
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A high resolution TEM investigation was carried out on the as synthesised nano-HAP 
powders and representative images are presented in Figure 4 (a) and (c). The nano-
HAP particles were of ellipsoid shape with diameters ranging from 18 nm up to 30 
nm, and lengths ranging from 130 nm to around 200 nm. The average aspect ratio of 
the particles was found to be typical around 1:7. The particles tended to cluster to form 
large agglomerations as seen in Figure 4 (c). A similar nanoparticle size range was 
also seen in FESEM images as seen in Figure 4 (e), which is typical of as-synthesised 
powders. Again, Figure 4 (e) also confirms the tendency of the nanoparticles to cluster 
and form dense agglomerations. Figure 4 (f) presents a representative FESEM image 
of an annealed powder sample.  
 
The SEM and TEM results showed that the synthesised samples have a potential to 
mimic the rod like microstructures of natural tooth enamel and dentine. Inspection 
reveals the sample annealed at 800 °C has both a different particle size range and 
morphology. The nanoparticles have a granular and a rough irregular rectangula r 
morphology, with sizes ranging from 70 to 150 nm. Thus, the combined ultrasonic and 
microwave based procedure is capable of producing two different morphologica l 
types. Generally, pure ultrasonic synthesis methods tend to produce spherical 
morphologies. But the present study has shown that microwave irradiation step 
promotes an orientated crystal growth to produce ellipsoidal shaped nano-HAP 
particles. Subsequent annealing at 800 °C produces morphological changes in the 
nanoparticles. However, lower annealing temperatures of around 400 °C (images not 
shown) did not show any morphological changes in the powders. The scanning 
electron micrographs of extracted human wisdom tooth are shown in Figure 5. The 
representative images show a cross section of chipped tooth enamel detailing the fine 
needle shaped micro-structures and architecture.   




Figure 5: (a) Optical image of extracted human wisdom tooth, (b) Schematic 
representation of area chipped on tooth and respective scanning electron image of 
area highlighted, (c), (d) and (e) are scanning electron micrographs of highlighted 
areas as shown in respective schematic diagrams. 
Conclusion 
Crystalline and pure nano-HAP powders were successfully synthesized using a 
combined ultrasonic and microwave heating based method. The reaction mixture, 
containing precursor materials, pH was sustained at 9 and the Ca/P ratio of 1.67 was 
maintained throughout the ultrasonic stage of the synthesis process. Nano-HAP 
powders produced after the synthesis process were crystalline in nature and were 
ellipsoidal in shape. The average aspect ratio of the particles was found to be around 
1:7, with diameters ranging from 18 nm up to 30 nm. However, after an annealing 
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period of 2 h at 800 °C, nanoparticle morphology changed to rough irregula r 
rectangular and granular, with sizes ranging from 70 to 150 nm. Thus, indicating two 
types of particle morphology can be produced using the present synthesis method. 
There was good agreement between the crystallite size values estimated by 
Williamson-Hall analysis methods like (UDM), (USDM) and (UDEDM). With the 
annealed sample showing the closest agreement between crystallite size for the 
respective models. Also, all of the estimated crystallite sizes were slightly greater than 
the crystallite size calculated by the Scherrer method. The analysis methods used 
suggest the contribution made by instrumental effects and the impact of lattice strain 
in the samples can significantly influence X-ray peak broadening. Thus, both 
instrumental broadening and lattice strain broadening need to be taken into account 
when more accurately calculating the crystallite size and other microstructura l 
parameters like lattice strain, stress and energy density of nanomaterials.  
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4.3. Chapter Summary 
Chapter 4 addressed Aim 2 of the thesis, namely, develop and optimise a combined 
ultrasonic and microwave heating based process for generating nanometre scale 
powders that have similar size and shape, material properties to crystallites found in 
natural dental enamel and dentine. This was done through case study one, which 
clearly demonstrated that the new combined ultrasonic and microwave heating-based 
technique could be used to produce high quality nano-HAP powders from precursor 
materials that included calcium nitrate [Ca(NO3)2] and potassium hydrogen 
phosphate [KH2PO4], and [NH4OH] as the precipitator. Synthesis was carried out 
under the influence of 200 W of ultrasonic irradiation. The study revealed significant 
advantages in using the combined ultrasonic and microwave heating-based 
technique. These advantages included increased reaction rates, improved reactant 
output and more efficient energy usage. Generally, ultrasonic synthesis of 
nanomaterials via the calcium nitrate/potassium phosphate/ammonia pathway 
produces spherical particles, but the combined method used in this work generated 
instead ellipsoidal nanoscale materials. The average aspect ratio of the particles was 
found to be around 1:7, with diameters ranging from 18 nm up to 30 nm, which is 
similar to hydroxyapatite crystals found in tooth enamel. However, after an 
annealing period of 2 h at 800 °C, morphology changed to rough irregular 
rectangular and granular particles, with sizes ranging from 70 to 150 nm. Thus, 




Page | 154  
 
Chapter 5: 
Synthesis and characterisation of ion substituted nanometre scale 
hydroxyapatite powders 
 
5.1. Overview and author contributions 
Chapter five addresses the third aim of the research project, namely, produce ion 
substituted nano-HAP powders for potential use in repairing damaged enamel and 
dentine, and promoting bioactivity and re-mineralisation. In addition to (XRD), (FT-
IR) and (FESEM) characterisation, Williamson-Hall analysis was carried out to 
determine the lattice structural parameters like strain, deformation stress and energy 
density present in the respective doped nano-HAP powders. During the investigation 
and preparation of the literature review titled “Progress of Nanomaterials in 
Preventative and Restorative Dentistry”, which was presented in chapter 2 the 
importance of bioactive materials to promote the repair and formation of new hard 
tissues like bone and teeth was identified and highlighted. Currently, few 
commercially available products have taken full advantage of incorporating 
biologically compatible metal ions to promote and assist in tissue regeneration. 
While the review in chapter 2 presented recent advancements, dental products have 
tended to lag behind bone engineering products. The present chapter investigates the 
potential inclusion of two ion additives, namely, magnesium (Mg) and silicon (Si).     
 
Magnesium (Mg) is a trace element found in calcified-tissues like bone (0.72 % by 
wt.), dentin (1.23% by wt.) and enamel (0.45% by wt.) [1]. Importantly, Mg2+ ions 
act like a growth factor during the early stages of osteogenesis, by promoting 
alkaline phosphatase (ALP) activity and stimulating the growth of bone 
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mesenchymal stem cells [2, 3]. In addition, Mg is actively involved in bone mineral 
metabolism pathways and calcification [4]. Thus, it makes Mg an important 
ingredient for promoting good dental and bone health [5].  
 
Moreover, studies have shown that Silica (Si) assists in calcification processes, and 
promotes the growth and development of hard tissues like bone and teeth [6, 7]. In 
particular, small quantities of Si (0.5 to 3 wt. %) can significantly improve in vivo 
bioactivity and promote bone formation [8, 9]. However, the addition of metal ions 
tends to modify the crystallographic and physiochemical properties of 
hydroxyapatite (HAP) [10].  
 
Chapter four developed and optimised a combined ultrasonic and microwave heating 
based process for producing nanometre scale HAP powders with similar material 
properties like size and shape to crystallites found in dental enamel and dentine. 
Chapter five builds on the research outputs from chapter 4 to develop a novel route 
for synthesising metal (Mg or Si) doped nano-HAP powders with unique material 
properties.  
 
Thus, this chapter is composed of two case studies. The first (Case Study 2) 
evaluates the synthesis and characterisation of Mg doped nano-HAP powders. The 
second (Case Study 3) evaluates the synthesis and characterisation of Si doped nano-
HAP powders. After developing optimised routes for producing each type of doped 
nano-HAP powders, the respective powders were evaluated using advanced 
characterisation techniques such as field emission scanning electron microscopy 
(FESEM), Fourier transform infrared spectroscopy (FT-IR), energy dispersive 
spectroscopy (EDS) and X-ray diffraction (XRD). Furthermore, the effect of peak 
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broadening seen in the XRD data was analysed using Williamson-Hall (W-H) 
methods. The three methods included: 1) uniform deformation model (UDM); 2) 
uniform stress deformation model (USDM), and 3) uniform deformation energy 
density model (UDEDM). Data from these methods were used to determine physical 
parameters like crystallite size, lattice strain, crystallite surface stress and anisotropic 
energy density. 
 
S Rattan conducted all of the experiment work and advanced characterisation 
techniques [(XRD), (FESEM), (EDS) and (FT-IR)] to determine various 
physiochemical properties of the synthesised powders and was actively involved in 
the subsequent data analysis. G.E. Poinern acted as principal supervisor and designed 
the research concept for the paper with S Rattan. D. Fawcett provided technical 
assistance with the advanced characterisation studies, while S Rattan was actively 
involved with data analysis and manuscript preparation. All authors actively 
participated in the preparation of the manuscript for submission to peer reviewed 
journal. 
 
5.2. Publication: Research Articles: 
 
Case Study 2 
Supriya Rattan, Derek Fawcett and Gerrard Eddy Jai Poinern. Ultrasonic assisted 
synthesis, characterization and Williamson–Hall based X-ray peak profile estimation 
of lattice strain in Magnesium substituted nanocrystalline hydroxyapatite powders.  
Currently under review with “Ultrasonics Sonochemistry” 
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Case Study 3 
Supriya Rattan, Derek Fawcett, and Gerrard Eddy Jai Poinern. Ultrasonically 
engineered silicon substituted hydroxyapatite nanoparticles: synthesis, 
characterization and property evaluation.  
To be submitted 
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Ultrasonic assisted synthesis, characterization and Williamson–Hall 
based X-ray peak profile estimation of lattice strain in Magnesium 
substituted nanocrystalline hydroxyapatite powders 
 
Supriya Rattan, Derek Fawcett and Gerrard Eddy Jai Poinern* 
 
Murdoch Applied Nanotechnology Research Group. Department of Physics, Energy 
Studies and Nanotechnology, Murdoch University, Murdoch, Western Australia 6150, 
Australia. 
* Corresponding author email: g.poinern@murdoch.edu.au 
 
Highlights: 
 This paper discusses the effect of ultrasonic driven substitution of magnesium 
ions into nano crystallites of hydroxyapatite. 
 Calcium ion substitution by magnesium ions changed the structural lattice 
parameters as demonstrated by Williamson-Hall analysis. 
 Magnesium ion substitution acted as a potential inhibitor for further crystal 
growth of hydroxyapatite. 
 
Abstract  
The present study used a combined ultrasonic and microwave heating-based method 
to produce pure and doped magnesium nano-hydroxyapatite powders. The powders 
were characterised using X-ray diffraction, Fourier transform infrared spectroscopy 
methods and field emission scanning electron microscopy. The X-ray diffraction data 
was used to study the effects of peak broadening using Williamson-Hall (W-H) 
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analysis. Analysis revealed that Mg2+ ions successfully incorporated in the HAP 
structure and changed the lattice parameters. Mg substitution increased the (a) lattice 
parameter by (0.0689%) and slightly decreasing the (c) parameter by (0.2732%). The 
X-ray analysis also showed that Mg substitution decreased crystallite size, while other 
properties like lattice strain, stress and anisotropic energy density values increased. 
Incorporation of Mg acted as a growth inhibitor, reduced calcium content in the lattice 
and decreased crystallinity. 
 




Several members of the calcium orthophosphate family, with Ca/P molar ratios 
ranging from 0.5 to 2.0 have been extensively used in orthopaedic and dental 
applications due to its close similarity to hard tissues such as bone and teeth [1, 2]. 
Among the calcium orthophosphates, hydroxyapatite [HAP: Ca10(PO4)6(OH)2], with 
a similar chemical composition to the main inorganic component found in the mineral 
phase of natural bone is the most widely used [3]. Its widespread use is due to its good 
biocompatibility, slow biodegradability in situ and good osteoconductivity towards 
bone cells and other cellular tissues [4, 5]. However, biological forms of apatite are 
nonstoichiometric and also contain small amounts of beneficial materials like fluoride, 
magnesium, potassium and sulphate. Therefore, synthetic HAP materials have been 
doped with small concentrations of metallic ions like: silver (Ag); copper (Cu); zinc 
(Zn); iron (Fe), and magnesium (Mg) [6]. The substitutions of these metal ions tend to 
modify the crystallographic properties without major changes to the hexagonal crystal 
structure of hydroxyapatite [7]. However, these substitutions do influence the doped 
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hydroxyapatite’s physiochemical properties (i.e. dissolution rate, solubility and 
surface chemistry), biological activity and interactions with surrounding tissues under 
physiological conditions [8]. In particular, Mg is an important trace element found in 
calcified-tissues like bone (0.72 % by wt.), dentin (1.23% by wt.) and enamel (0.45% 
by wt.) [9]. Studies have shown that Mg acts like a growth factor during the early 
stages of osteogenesis, where Mg2+ ions promote alkaline phosphatase (ALP) activity, 
growth of osteoblasts and growth of bone mesenchymal stem cells [10, 11]. Mg is also 
actively involved in bone mineral metabolism pathways and calcification [12]. Thus, 
highlighting the importance of Mg in promoting good bone health, and like Calcium 
it also lowers the risk of osteoporosis [13]. Therefore, addition of small concentrations 
of Mg2+ ions to HAP-based materials designed for orthopaedic and dental applications 
is highly desirable for promoting positive biological activity and integration. 
 
Because of the important beneficial effects of Mg in bone formation and calcification, 
new and efficient methods for producing Mg-substituted HAP composites for 
biomedical applications are highly desirable. Importantly, nanotechnology-based 
techniques have the ability to create new functional nanomaterials with unique 
properties that are significantly different from their conventional bulk counterparts 
[14, 15]. The decrease in grain size into the nanometer realm makes this formulation 
closer to natural bone and dental material. The failure of many conventional implant 
materials due to crack formation and propagation during in vivo loading may be 
overcome by nanocrystalline HAP substitution. The present work uses 
nanotechnology-based principles to synthesise a Mg-substituted nano-HAP powder 
suitable for biomedical applications. The synthesis process combines a sonochemical 
step that forms the Mg doped nano-HAP slurry, which is then subjected to microwave 
heating before undergoing grinding to produce an ultrafine powder. Sonochemical 
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processing has the advantage of producing an acoustic cavitation effect, which 
generates the formation and subsequent collapse of bubbles within a liquid medium. 
The collapsing bubbles generate extreme reaction conditions, which produce 
extremely high temperatures (~5000 K) and high pressures (~20 MPa). Under these 
conditions it is possible to generate novel nanomaterials with unique and distinctive 
physiochemical properties [16]. Microwave heating has the feature of volumetrically 
generating energy throughout the material, which is fundamentally different from 
thermal conduction that occurs in a conventional furnace [17]. After synthesising the 
Mg-nano-HAP powder, field emission scanning electron microscopy (FESEM) 
images were used to evaluate both mean particle size and morphology. In addition, X-
ray diffraction (XRD) spectroscopy was carried out on the samples, and the resulting 
diffraction patterns were used to study the effects of peak broadening using 
Williamson-Hall (W-H) analysis. The analysis procedure used three evaluation 
methods: 1) uniform deformation model (UDM); 2) uniform stress deformation model 
(USDM), and 3) uniform deformation energy density model (UDEDM). These 
methods were used to determine physical parameters like crystallite size, lattice strain, 
crystallite surface stress and energy density.  
 
2. Materials and methods 
 
2.1. Materials  
All chemicals used in preparing samples were supplied by Chem Supply Pty Ltd 
(Gillman, South Australia, Australia) and Sigma Aldrich (United States of America). 
All aqueous-based solutions were prepared using Milli-Q® water (18.3 M Ω cm-1) 
produced by an ultrapure water system (Barnstead Ultrapure Water System D11931) 
supplied by Thermo Scientific Australia. 
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2.2. Methods 
2.2.1. Preparation of nano-HAP and Mg doped nano-HAP powder 
Formulation of the pure HAP powder started by pouring a 40 mL solution of 0.32M 
Ca(NO3)2⋅4H2O into a small glass beaker. The solution was then subjected to 
ultrasonic processing at maximum amplitude and operating at 400 W. The processor 
used was a UP400S supplied by Hielscher Ultrasound Technology (Teltow, Germany) 
and fitted with a 22 mm diameter Sonotrode operating at 24 kHz. During the ultrasonic 
irradiation, solution pH was maintained above 9 using NH4OH. A 60 mL solution of 
0.19M [KH2PO4] was added drop-wise to the solution containing calcium precursor 
while solution pH was sustained at 9 and the Ca/P ratio of 1.67 was maintained. The 
white precipitates formed were kept under ultrasonication conditions for 1 hour. After 
processing, the precipitates were centrifuged (at 3500 rpm) and washed several times 
with Milli®Q water to get rid of residual matter.  
 
The Mg doped HAP powders were synthesised in the similar manner described above, 
except for the drop-wise addition of a 4ml solution of 0.16M MgN2O6 in parallel with 
the addition of KH2PO4 (as shown in Fig. 1). The respective precipitates were collected 
and then individually subjected to microwave heating. The heating treatment was 
carried out in a microwave oven (Model TMOSS25, operated at 900 W at 2450 MHz 
and 240V and 50Hz) at full power for a 10-minute period. After heat treatment, the 
individual samples were ground to the consistency of an ultrafine powder using mortar 
and pestle. All powders were then analyzed using advanced characterisation 
techniques. 
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Fig. 1. Schematic of ultrasonic and microwave thermal combined synthesis method 
to synthesise (a) nano-HAP and (b) Mg doped nano-HAP. 
 
2.2.2. Powder characterisation 
Preliminary particle size and shape analysis was undertaken using a JEOL JCM-6000, 
NeoScopeTM electron microscope. Before imaging, samples were suspended in a 
solution of ethanol, followed by deposition onto copper adhesive tape covered holders. 
The dried samples were then sputter coated using SEM coating unit E5000 (Polaron 
Equipments Ltd) with a 2 nm layer of platinum to prevent charge build up. In addition, 
elemental analysis of each sample was carried out using the energy dispersive 
spectroscopy (EDS) attachment of the microscope. High resolution images of the 
samples was carried out using a field emission scanning electron microscope (FESEM: 
Page | 165  
 
FEI-Verios 460) operating at 5 kV, with 0.10 nA current and operating under 
secondary electron mode, Immersion lens FESEM column (Microscopy Centre at 
University of Western Australia).  
 
Functional groups and various vibrational modes present in the samples were 
identified by Fourier transform infrared spectroscopy (FT-IR). A PerkinElmer FT-
IR/NIR Spectrometer Frontier fitted with a universal signal bounce Diamond ATR 
attachment was used to collect spectra. The spectra were recorded over the 
wavenumber interval ranging from 400 to 4000 cm-1 with a resolution step of 1 cm-1.  
 
X-Ray Powder Diffraction (XRD) analysis was undertaken with a GBC® eMMA X-
Ray Powder Diffractometer (Cu Kα = 1.54056 Å radiation source) operating at 35 kV 
and 28 mA. The diffraction patterns were recorded over a 2θ range starting at 10° and 
ending at 80°. The incremental step size over the 2θ range was 0.04° and an acquisition 
speed used was 1° min-1. Analysis of the XRD patterns determined the position of the 
Bragg peaks and assisted with their identification using the ICDD (International 
Centre for Diffraction Data) databases. After identifying the Miller indices, peak 
broadening analysis was carried out using Williamson-Hall (W-H) methods to 
determine crystalline parameters like size, strain, stress and energy density.  
 
3. Results and discussions 
3.1. X-ray peak investigation using Williamson–Hall analysis 
Characteristic XRD patterns for the pure nano-HAP powder and Mg substituted nano-
HAP powder are shown in Fig. 2. Both patterns display several diffraction peaks that 
are characteristic of polycrystalline materials. The respective peak positions were 
identified and indexed according to the Joint Committee on Powder Diffraction 
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Standards for pure hexagonal crystalline hydroxyapatite (JCPDS No. 09–0432). Miller 
indices were assigned to all significant peaks seen in Fig. 2. Both diffraction patterns 
are similar, but the Mg doped sample has slightly sharper peak characteristics 
indicating ionic substitutions have taken place. A similar result was reported by 
Kavitha et al. for ionic substitutions into the lattice structure of HAP [18]. In addition, 
elemental analysis carried out by EDS revealed that 1.14 atomic % was recorded for 
 
 
Fig. 2. XRD patterns of synthesised powders: (a) nano-HAP and (b) Mg doped nano-
HAP 
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the Mg doped sample. The XRD analysis also failed to detect the presence of 
impurities, if any were in the samples they were below the detection limit. The XRD 
data was then used to determine crystallite size using both the Scherrer (DS (hkl)) 
equation (1) and Williamson-Hall (D (hkl)) equation (2). Furthermore, Williamson-Hall 
analysis was also used to determine lattice strain (ε), crystalline stress (σ) and 





      (1) 
𝛽(ℎ𝑘𝑙)  cos 𝜃 =
𝑘𝜆
𝐷(ℎ𝑘𝑙)
+ 4𝜀 sin 𝜃 
     (2) 
 
where, λ is the wavelength of the monochromatic X-ray beam and crystallite shape 
constant k, which is 0.9 for spherical crystals with cubic unit cells. And β is the Full 
Width at Half Maximum (FWHM) of the peak at the maximum intensity, θ(hkl) is the 
peak diffraction angle that satisfies Bragg’s law for the (h k l) plane, ε is strain 
experienced by the lattice and Ds (hkl) and D(hkl) are the respective crystallite sizes. The 
Williamson-Hall formulation presented in equation (2) represents the uniform 
deformation model (UDM). The model assumes uniform strain in all crystallographic 
directions and material properties are independent of direction within the crystal 
structure. Therefore, plotting 4 sin θ along the x-axis and β(hkl) cos θ along the y-axis 
enables the determination of slope (ε) and the (y-intercept) which aids in the 
determination of the crystallite size (D(hkl)). Plots of the pure nano-HAP and Mg doped 
nano-HAP powders is presented in Fig. 3 and the derived (D(hkl)) and ε values are 
presented in Table 1. 
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Williamson - Hall Methods 
UDM USDM UDEDM 









HAP 24.37 25.85 2.473 17.84 52.17 20.25 18.96 
Mg-HAP 15.67 17.62 6.941 9.89 66.79 13.7 28.64 
 
Crystallite surface stress was estimated using the Uniform Stress Deformation Mode 
(USDM). The model assumes linear proportionality between stress and strain, or 
Hooke’s law:  






When the modulus of elasticity (Y(hkl)) or Young’s modulus is substituted into equation 
(2) and rearranged it gives equation (4) below:  









In hexagonal crystallites like hydroxyapatite the elastic modulus Y(hkl) is dependent of 
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The elastic compliances for the respective crystallographic directions are S11 = 7.49 x 
10-12, S33 = 10.9 x 10
-12, S44 = 15.1 x 10
-12 and S13 = -4.0 x 10
-12 m2N-1 [22]. Thus, 
plotting 4 sin θ/Y(hkl) along the x-axis and β(hkl) cos θ along the y-axis it is possible to 
determine the slope (σ) and estimate crystallite size (D(hkl)) from the y intercept. The 
respective plots are presented in Fig. 3 and the calculated (D(hkl)) and σ values are 
presented in Table 1. 
 
 
Fig. 3. Plots of β(hkl) cos θ versus 4 sin θ;  β(hkl) cos θ versus 4 sin θ/Y(hkl) and β(hkl) cos 
θ versus 4 sin θ (2u/Y(hkl))
1/2 for pure nano-HAP (a, c, e) and Mg doped nano-HAP (b, 
d, f) samples 
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The anisotropic energy density (u) within the crystalline structure was estimated using 
the Uniform Deformation Energy Density Model (UDEDM). Thus modifying 
equation (2) by substituting the strain energy for an elastic crystallite (Hooke’s law) 







𝛽(ℎ𝑘𝑙)  cos 𝜃 =
𝑘𝜆
𝐷(ℎ𝑘𝑙)









Thus by plotting β(hkl) cos θ along the y-axis and 4 sin θ (2u/Y(hkl))
1/2 along the x axis, 
the anisotropic energy density u is determined from the slope and the crystallite size 
is determined from the y-intercept. The respective plots are illustrated in Fig. 3 and 
the calculated (D(hkl)) and u values are presented in Table 1. 
 
The XRD data was also used to determine the lattice constants (a, c) and unit cell 








ℎ2 + ℎ𝑘 +  𝑘2
𝑎2






√3  𝑎2 𝑐
2
= 0.866 𝑎2𝑐 
(9) 
 
The calculated lattice constants and unit cell volumes are presented in Table 2.  
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Table 2. Lattice parameters & unit cell volume of pure HAP and Mg 
substituted HAP samples 
Sample Lattice parameters Unit cell volume 
a (Å) c (Å) V (Å3) 
HAP 9.4209 6.8819 528.946 
Mg-HAP 9.4274 6.8631 528.229 
 
Both Scherrer and Williamson-Hall analysis revealed a decrease in the crystallite size 
for the Mg doped nano-HAP powder compared to the pure nano-HAP powder as seen 
in Table 1. Similar studies have also reported a decrease in crystallite size with 
increasing concentrations of Mg doping in HAP powders [19, 20]. Similarly, there 
was a slight decrease in unit cell volume (0.1356%) of the Mg doped nano-HAP 
powder. In terms of lattice parameters (Table 2), the substitution of Mg2+ ions for Ca2+ 
ions in the HAP lattice resulted in a slight increase in the (a) parameter (0.0689%) and 
a significant decrease in the (c) parameter (0.2732%). A similar study by Farzadi et 
al. has also reported similar changes in the lattices parameters [21]. The change in the 
lattice parameters appears to be the consequence of Ca2+ sites in the HAP structure 
being occupied by Mg2+ (Fig. 4). Importantly, difference between the ionic radius of 
Mg2+ (0.065 nm) and the larger Ca2+ (0.099 nm) results in distortions in the lattice 
structure that leads to lower crystallinity [22, 23]. The lattice distortion created by the 
presence of Mg also resulted in increases of ε, σ and u values as seen in Table 1. For 
instance, the lattice strain (ε) for the pure nano-HAP powder was 2.473 x 10-3, while 
the Mg doped nano-HAP powder had the higher value of 6.941 x 10-3. Similarly, there 
was also an increase in surface stress (σ) from 55.17 MPa for the pure nano-HAP 
sample to 66.79 MPa for the Mg doped sample, which equated to an increase in stress 
of around 21%. Whereas, there was also an increase in energy density in the Mg doped 
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sample. The pure nano-HAP sample had a value of 18.96 KJ/m3, while the Mg doped 
sample had a higher value of 28.64 KJ/m3. This equated to a 51% increase in energy 
density. 
 
FT-IR spectra for pure nano-HAP powder and Mg doped nano-HAP powder are 
presented in Fig. 5. Starting from the right-hand side of both spectra, there is a wide 
and weak band located at 3432 cm-1, which are associated with adsorbed water in the 
nano-HAP lattice and corresponds to vibrations of OH− ions. The band in both samples 
is weak due to the microwave heat treatment which significantly reduces the presence 
of adsorbed water in the nano-HAP structure [24]. Further, the bands located at 1644 
and 1384 cm-1 are also weak in pure nano-HAP sample and is due to the loss of 
carbonate ions during microwave heating, while in the Mg doped sample they only 
 
 
Fig. 4: Schematic of structural ionic substitution of Ca2+ ions with Mg2+ ions into the 
hydroxyapatite lattice structure. 
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Fig. 5. FTIR spectra of powders: (a) pure nano-HAP and (b) Mg doped nano-HAP. 
 
appear as slight traces. The stronger bands located at 1092 cm-1, 1032 cm-1 and 961 
cm-1 correspond to the vibrational modes of the phosphate group (PO4)
 3− [25]. While 
bands located at 564 cm-1 and 601 cm-1 are the result of O-P-O vibrational modes. The 
weaker 632 cm-1 band indicates a hydroxyl vibrational mode, while at 832 cm-1 is a 
band indicating the presence of carbonates. The occurrence of carbonates in the 
samples may be due to the interaction between atmospheric carbon dioxide and 
precursors present in the alkaline reaction mixture, which has also been reported in 
similar studies [26, 27]. Comparison of spectra reveals that pure nano-HAP sample 
has slightly sharper bands compared to the Mg doped sample. Thus it indicates that 
addition of Mg in the HAP lattice structure tends to reduce its crystallinity. Similar 
studies using metallic ion substitutions into HAP has also reported decreased 
crystallinity [28].  The size and shape of generated nanoparticles were investigated by 
analysing images produced by FESEM of the respective powder samples. 
Representative images are presented in Fig. 6, with the pure nano-HAP sample 
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displayed in image (a) and a representative Mg substituted nano-HAP sample is 
presented in image (b). Also presented in Fig. 6 are representative results of elemental 
analysis carried out on the respective samples. The analysis reveals Ca (22.72 At. %) 
and P (13.46 At. %) were in close agreement to the ideal Ca/P ratio of 1.67. While the 
elemental analysis of the Mg doped nano-HAP powder revealed the atom % for Ca 
had dropped slightly (21.58 At. %) as Mg (1.14 At. %) was substituted into the lattice 
structure. Elemental maps of magnesium substituted hydroxyapatite powder also 
confirmed the ionic (Mg2+) doping of crystallites and its structural consistency was 
verified (Fig. 7). Image analysis revealed that pure nano-HAP particles were ellipsoid 
in shape with an average aspect ratio of around 1:7. Diameters of particles ranged 
between 15 nm and 30 nm, while their lengths ranged between 80 nm to around 220  
 
 
Fig. 6. FESEM images: (a) pure nano-HAP powder & (b) Mg doped nano-HAP 
powder, Elemental analysis: (c) pure nano-HAP powder & (d) Mg doped nano-HAP. 
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Fig. 7. Elemental mapping of crystallite of magnesium substituted nano-
hydroxyapatite powder sample. 
 
nm. The particles tended to cluster and form large agglomerations as seen in Fig. 6 (a). 
However, images of the Mg doped sample revealed a different size range and shape 
as seen in Fig. 6 (b). The Mg substitution resulted in a granular particle structure with 
a few scattered nano-rods. The angular granules ranged in size between 20 nm and 60 
nm, while the few nano-rods were typically between 16 and 40 nm wide and around 
80 to 140 nm long. The image analysis indicates that addition of Mg into the HAP 
structure hinders the growth of ellipsoidal shaped crystallites. The smaller crystallite 
sizes seen in the XRD data and the images suggest that Mg substitution acts as a 
growth inhibitor which inhibits the crystallization of HAP. Similar results have 
reported increasing amounts of Mg causes lower levels of crystallinity [11, 29, 30].  
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4. Conclusion 
Nano-HAP powders were prepared using a combined ultrasonic and microwave 
heating-based method. Both pure and Mg doped nano-HAP powders were 
successfully synthesised. Analysis revealed that incorporation of Mg2+ ions into the 
HAP structure had changed the lattice parameters. Mg substitution increased one 
lattice parameter (a), while slightly decreasing another parameter (c). Williamson-Hall 
analysis revealed that substitution by Mg decreased crystallite size, while properties 
like lattice strain, stress and anisotropic energy density values increased. Analysis also 
revealed the introduction of Magnesium into the nano-HAP structure resulted in a 
decrease in calcium content. While FESEM studies of nanoparticle size and shape 
demonstrated that Mg substitution acted as a growth inhibitor and reduced 
crystallinity.  
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Abstract 
Silicon doped hydroxyapatite is currently being investigated as a promising 
biocompatible dental and bone material because of silicon’s beneficial effects in 
promoting biological mineralisation and bone formation. Silicon doped (3% and 7%) 
nanometre scale hydroxyapatite powders were synthesised using a combined ultrasonic 
and microwave heating-based method before being annealed at either 400 °C or 800 °C. 
Analysis of XRD patterns revealed the Silicon doped hydroxyapatite powders had a 
crystalline nature, with increasing silicon content inhibiting grain growth and reducing 
crystallinity. Both FT-IR and EDS analysis revealed (SiO4)4- ions were substituted for 
(PO4)3- ions in nano-HAP lattice structure. X-ray peak broadening analysis was 
investigated using Williamson-Hall methods, which revealed increasing amounts of Si 
distorted the hydroxyapatite lattice structure that resulted in increased strain and slightly 
increased lattice constants and unit cell volume. Electron microscopy studies found the 
presence of Si inhibited grain growth and increasing amounts reduced growth and 
influenced grain morphology.  
 
Keywords: silicon doped hydroxyapatite, sonochemical, microwave, XRD analysis  
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1. Introduction 
The human skeletal system is made up of hard tissues and cartilaginous materials. It has 
evolved over millions of years to support organs and soft tissues, while promoting the 
movement of the human body. Hard tissues like bone and teeth are ceramic composites 
composed of a biological (organic) component and a mineral (inorganic) component. In 
particular, bone is composed of rod like hydroxyapatite (HAP) particles ranging in size 
from 25 to 50 nm in length, which are embedded in collagen fibrils [1, 2]. Pure HAP is 
composed of calcium phosphate groups that form a unit cell consisting of a hexagona l 
structure with a general formula expressed by Ca10 (OH)2 (PO4)6 [3]. However, the 
mineral component found in bone is not pure HAP. Instead bone apatite exhibits 
deficiencies in calcium (Ca), hydroxyl (OH-) and phosphorus (P), which are naturally 
replaced by a variety of different ionic substitutions of varying concentrations. The 
presence of ionic substitutions like magnesium (Mg), sodium (Na), silicon (Si), and 
strontium (Sr) can modify the surface chemistry, charge and structure of bone and teeth, 
which influences their interactions with their physiological environments [4]. Because 
crystallographic and chemical studies have revealed a close similarity between 
synthesised HAP and bone apatite, synthesised HAP is widely used as a biomaterial to 
repair bone and teeth, and as a coating to improve the biocompatibility of metal implants 
[5, 6, 7]. Although synthesised HAP offers good osteoconductivity and osteoinductivity, 
its slow biodegradability tends to slow down the rate of tissue regeneration [8]. Therefore, 
it is necessary to improve HAP’s in vivo biodegradability and bioactivity to promote bone 
formation and calcification. Early in vitro and in vivo studies by Carlisle revealed the 
presence of silicon in active growth areas like osteoid regions in the tibiae of young mice 
and rats. Thus, revealing the importance of silicon in assisting in calcification processes, 
and promoting the growth and development of hard tissues such as bone and teeth [9, 10]. 
Interestingly, several studies have shown the addition of small quantities of silicon to 
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HAP can not only enhance its bioactivity, but can also improve its dissolution rate [11, 
12].  Studies have revealed the amount of silicon (Si) that can be added to HAP is limited, 
but small amounts ranging from 0.5 to 3% by weight can significantly improve in vivo 
bioactivity and promotes bone formation [13, 14]. 
 
Because silicon is an important element used in the formation of hard tissues, studies have 
shown the addition of small amounts of silicon in synthesised HAP can have a benefic ia l 
effect on its bioactivity [15]. In addition, the amounts of silicon present, as well as the 
synthesis process used, can also influence the crystallographic, mechanical and 
physiochemical properties of silicon doped HAP powders produced [16]. The present 
study uses a combined sonochemical synthesis and microwave heating treatment to 
produce ultrafine nano-HAP and Si doped nano-HAP powders suitable for biomedica l 
applications. The synthesis process takes advantage of an acoustic cavitation effect that 
generates the formation and subsequent collapse of highly energetic bubbles within a 
reaction medium. When the bubbles collapse, they generate extreme reaction conditions 
that form extremely high temperatures (~5000 K) and intense pressures (~20 MPa). In 
this extreme environment it is possible to generate novel nanomaterials with unique and 
distinctive physiochemical properties [17]. Furthermore, microwave heating has the 
advantage of volumetrically generating thermal energy throughout the reaction medium. 
This process is fundamentally different from conventional thermal conduction which 
takes place furnace [18].  
 
After producing the pure nano-HAP and Si doped nano-HAP powders they were 
evaluated using advanced characterisation techniques. These included techniques like 
field emission scanning electron microscopy (FESEM), which was used to determine both 
mean particle size and morphology. Fourier transform infrared spectroscopy (FT-IR) was 
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used to identify functional groups and their respective vibration modes present in the 
respective powder samples. While X-ray diffraction (XRD) spectroscopy was used to 
study the effects of peak broadening generated with the introduction of Si into the nano-
HAP powders. Peak broadening was investigated using Williamson-Hall (W-H) analysis 
methods that consisted of three evaluation methods: 1) uniform deformation model 
(UDM); 2) uniform stress deformation model (USDM), and 3) uniform deformation 
energy density model (UDEDM). These methods were used to determine crystalline 
parameters like size, lattice strain, surface stress and energy density. 
 
2. Materials and methods 
2.1. Materials  
All chemicals used in synthesising the samples were supplied by Chem Supply Pty Ltd 
(Gillman, South Australia, Australia) and Sigma Aldrich (United States of America). All 
aqueous-based solutions were prepared using Milli-Q® water (18.3 M Ω cm-1) produced 
by an ultrapure water system (Barnstead Ultrapure Water System D11931) supplied by 
Thermo Scientific Australia. 
 
2.2. Methods 
2.2.1. Preparation of nano-HAP and Si doped nano-HAP powders 
Pure nano-HAP powder synthesis began by pouring a 40 mL solution of 0.32M 
Ca(NO3)2⋅4H2O into a small glass beaker. The solution was then subjected to ultrasonic 
processing at maximum amplitude and operating at 200 W. The processor used was a 
UP400S supplied by Hielscher Ultrasound Technology (Teltow, Germany) and fitted 
with a 22 mm diameter Sonotrode operating at 24 kHz. Throughout the ultrasonicat ion, 
solution pH was stabilised at 9 using NH4OH. A 60 mL solution of 0.19M [KH2PO4] was 
added drop-wise to the solution and kept for a 20 minute processing period. The Ca/P 
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ratio of 1.67 was maintained during the process. After ultrasonic processing the white 
precipitates underwent centrifugation (~2000 g). 
 
The Si doped nano-HAP powders were synthesised in the manner described above, except 
for the drop-wise addition of the sodium silicate dopant in parallel with the addition of 
the KH2PO4. Two Si doped nano-HAP powders were prepared with a 0.19M Na2Si2O5 
dopant. The first Si-based powder consisted of adding a 1 ml solution of dopant to the 
reaction mixture, which equated to a 3 % (At. %) Si nano-HAP powder. While the second 
sample consisted of adding 5 ml solution of dopant to the reaction mixture, which equated 
to a 7% (At. %) Si nano-HAP powder. In both cases elemental analysis was carried out 
to determine the At. % of Si that was incorporated into the lattice structure. The respective 
Si-nano-HAP precipitates were collected and then individually subjected to microwave 
heating. The heating treatment was carried out in a microwave oven (Model TMOSS25, 
operated at 900 W at 2450 MHz and 240V and 50Hz) at full power for a 10-minute period. 
After microwave treatment, the samples were individually ground to the consistency of 
an ultrafine powder using mortar and pestle. Then samples of the respective powders were 
subjected to annealing at either 400 °C or 800 °C. All powders were then studied using 
advanced characterisation techniques. 
 
2.3. Powder characterisation 
Particle shape and size range was determined from image analysis derived from electron 
microscopy. Initially a JEOL JCM-6000 electron microscope was used to undertake 
preliminary studies. Prior to imaging, samples were dried and then deposited onto copper 
adhesive tape covered holders. Samples were then sputter coated (Cressington 208HR) 
with a 2 nm layer of platinum to prevent charge build up. Also during this stage of the 
analysis, elemental analysis of each sample was carried out using the energy dispersive 
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spectroscopy (EDS) attachment of the microscope. Field emission scanning electron 
microscopy was used for high-resolution images using an FESEM: FEI-Verios 460 
operating at 5 kV, with 0.10 nA current and operating under secondary electron mode 
(Microscopy Centre at University of Western Australia). Fourier transform infrared 
spectroscopy (FT-IR) was used to identify functional groups and vibrational modes 
present in the samples. A PerkinElmer FT-IR / NIR Spectrometer Frontier fitted with a 
universal signal bounce Diamond ATR attachment was used to collect spectra. The 
spectra were recorded over the wavenumber interval ranging from 400 to 4000 cm-1 with 
a resolution step of 1 cm-1. X-Ray Diffraction (XRD) spectroscopy was carried out using 
a GBC® eMMA X-Ray Powder Diffractometer (Cu Kα = 1.54056 Å radiation source) 
operating at 35 kV and 28 mA. The diffraction spectra were collected over a 2θ range 
starting at 10° and ending at 80°. The incremental step size over the 2θ range was 0.04° 
and an acquisition speed used was 1° min-1. Diffraction peaks in the pattern were 
identified using the ICDD (International Centre for Diffraction Data) databases. After 
peak identification, the Miller indices were assigned and peak broadening analysis was 
carried out using Williamson-Hall (W-H) methods to determine crystalline parameters 
like size, strain, stress and energy density. 
 
3. Results and discussions  
3.1. Williamson–Hall analysis of XRD peak broadening 
Representative XRD patterns for the pure nano-HAP and Si doped nano-HAP powders 
are presented in Figure 1. All patterns display diffraction peaks that indicate the samples 
are predominantly of polycrystalline materials. Diffraction peak positions were identified 
and indexed with respect to the Joint Committee on Powder Diffraction Standards for 
pure hexagonal crystalline hydroxyapatite (JCPDS No. 09–0432). Figure 1 (a) presents a 
representative pure nano-HAP powder sample, while Figure 1 (d) shows a 
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Figure 1. XRD patterns of sample powders: (a) pure nano-HAP; (b) 3% Si doped nano-
HAP; (c) 7% Si dope nano-HAP; (d-f) samples annealed at 400 °C, and (g-i) samples 
annealed at 800 °C. 
 
sample annealed at 400 °C and Figure 1 (g) shows a sample annealed at 800 °C. Analys is 
of XRD data failed to detect the presence of any impurities, if any were present in the 
samples they were below the detection limit of the equipment. Examining these patterns 
reveals enhancement of peak intensity and increased peak sharpness of the annealed 
patterns compared to the as synthesised sample pattern. The annealing temperature of 800 
°C produced the largest increase in peak sharpness and indicated enhanced crystallinity 
and increased crystallite size. While patterns of samples annealed at 400 °C were found 
to be very similar to the as-synthesised samples. In terms of the 800 °C annealing 
temperature, other studies have also reported similar improvements in crystallinity with 
increasing annealing temperatures in this range [19, 20]. Figure 1 (b) presents a typical 
3% Si doped nano-HAP powder pattern that is similar to the pure powder sample pattern. 
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However, in the case of the 7% Si doped nano-HAP powder pattern presented in Figure 
1 (c) there are significant differences. The major difference from the pure nano-HAP 
powder pattern is the significant decrease in peak intensity and the broadening of several 
peaks as highlighted in the red square box seen in Figure 1 (c). In addition, there is the 
appearance of a very broad peak highlighted by the red arrow (Figure 1 (c)), which 
indicates a significant decrease in crystallinity. Furthermore, when the Si doped nano-
HAP powders were annealed they showed increased peak sharpening, but were not as 
sharp and intense as the annealed pure nano-HAP sample.       
 
The crystallite sizes of the respective nano-powders were determined using two 
techniques. In both techniques, only the graphical analysis of a pure nano-HAP powder 
and a 3% Si doped nano-HAP powder are presented in Figures 2 and 3. The graphical 
analysis of the 7% Si doped nano-HAP is not presented, but the results are presented in 
Table 1 for completeness. Furthermore, because there was little difference from as-
synthesised and annealed samples at 400 °C, as discussed above, only the 800 °C samples 
were analysed. The first analysis technique used was the Scherrer (DS (hkl)) equation (1) 
and the second was the Williamson-Hall (D (hkl)) equation (2). The Williamson-Hall 
analysis was also used to estimate crystalline lattice properties like strain (ε), crystalline 




𝛽(ℎ𝑘𝑙)  cos 𝜃(ℎ𝑘𝑙)
 (1) 
𝛽(ℎ𝑘𝑙)  cos 𝜃 =
𝑘𝜆
𝐷(ℎ𝑘𝑙)
+ 4𝜀 sin 𝜃 
    (2) 
 
where, λ is the wavelength of the monochromatic X-ray beam and k is the crystallite shape 
which is 0.9 for spherical crystals with cubic unit cells. While  β is the Full Width at Half 
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Maximum (FWHM) of the peak at the maximum intensity, θ(hkl) is the peak diffract ion 
angle that satisfies Bragg’s law for the (h k l) plane, ε is strain experienced by the lattice 
and Ds (hkl) and D(hkl) are the respective crystallite sizes. Equation (2) above is known as 
the uniform deformation model (UDM) and assumes uniform strain in all crystallographic 
directions. It also assumes material properties of the crystalline structure are independent 
of direction. Thus, plotting 4 sin θ along the x-axis and β(hkl) cos θ along the y-axis 
facilitates the calculation of line slope (ε) and the (y-intercept) which aids in estimating 
the crystallite size (D(hkl)). Representative graphs of the pure nano-HAP and 3% doped Si 
doped nano-HAP powders are presented in Figures 2 and 3, while the estimated (D(hkl)) 
and ε values are presented in Table 1.  
 
The crystallite surface stress was calculated using the Uniform Stress Deformation Mode 
(USDM) which assumes linear proportionality between stress and strain (Hooke’s law) 
within the lattice structure:  





Therefore, when the modulus of elasticity (Y(hkl)) or Young’s modulus is substituted into 
equation (2) and rearranged it produces equation (4) below:  
 









In hexagonal crystallites like hydroxyapatite the elastic modulus Y(hkl) is dependent of 
crystallographic direction and is expressed by equation (5):  
 
 




Figure 2. Plots of β(hkl) cos θ versus 4 sin θ;  β(hkl) cos θ versus 4 sin θ/Y(hkl) and β(hkl) cos 
θ versus 4 sin θ (2u/Y(hkl))1/2 for as-synthesised pure nano-HAP sample (a, c, e) and 
annealed (800 °C) sample (b, d, f) 
 




Figure 3. Plots of β(hkl) cos θ versus 4 sin θ;  β(hkl) cos θ versus 4 sin θ/Y(hkl) and β(hkl) cos 
θ versus 4 sin θ (2u/Y(hkl))1/2 for as-synthesised 3% doped nano-HAP sample (a, c, e) and 
annealed (800 °C) sample (b, d, f) 
 
 






The elastic compliances for the various crystallographic orientations are S11 = 7.49 x 10-
12, S33 = 10.9 x 10-12, S44 = 15.1 x 10-12 and S13 = -4.0 x 10-12 m2N-1 [22]. Therefore, 
plotting 4 sin θ/Y(hkl) along the x-axis and β(hkl) cos θ along the y-axis enables the slope 
(σ) to be calculated and from the y intercept estimate the crystallite size (D(hkl)). 
Representative graphs of the pure nano-HAP and 3% doped Si doped nano-HAP powders 
are presented in Figures 2 and 3, while the estimated (D(hkl)) and σ values are presented 
in Table 1.  
 
Table 1. XRD peak analysis results of pure HAP and Si-HAP samples 
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The anisotropic energy density (u) within the crystalline lattice structure was determine 
from the Uniform Deformation Energy Density Model (UDEDM). This model is derived 
by substituting the strain energy for an elastic crystallite (Hooke’s law) represented by 





𝛽(ℎ𝑘𝑙)  cos 𝜃 =
𝑘𝜆
𝐷(ℎ𝑘𝑙)








Thus using equation (7) and plotting β(hkl) cos θ along the y-axis and 4 sin θ (2u/Y(hkl))1/2 
along the x axis it is possible to determine the anisotropic energy density u from the slope 
of the graph and determine crystallite size from the y-intercept. The respective graphs for 
the pure nano-HAP powder sample and the 3% Si doped nano-HAP powder sample are 
presented in Figure 2 and 3 respectively.  
 
Also determined from the XRD data was lattice constants (a, c) and unit cell volumes (V) 















√3  𝑎2 𝑐
2
= 0.866 𝑎2𝑐 
(9) 
 
The calculated lattice constants and unit cell volumes of the as-synthesised sample and 
sample annealed at 800 °C are presented in Table 2.  
 
Analysis of crystallite size using both Scherrer and Williamson-Hall analysis revealed the 
3% Si doped sample had a smaller size compared to the pure nano-HAP powder as seen 
in Table 1.  
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The XRD studies have shown that Si can be incorporated into the structure of HAP. Thus, 
allowing the Si doped nano-HAP powders to take advantage of the positive biologica l 
effects of Si for dental or bone regeneration applications. Analysis of the XRD data 
reveals the 3% Si doped nano-HAP maintains its original structure. A similar study by 
Kim et al. has also reported the substitution of small quantities of Si (2% wt.) into HAP 
does not have an impact on the original structure for sintering temperatures up to 1200 
°C. In addition, their study also found that only a single phase Si-HAP formed and no 
other phases (silicon oxide or other calcium phosphates) were present [23]. While a study 
by Gibson et al. also found the addition of small amounts of Si (1.6 wt.) only produced a 
single phase with only small changes in the lattice constants [24]. And recently, a study 
by Jamil et al. found the addition of small quantities of Si only produced small changes 
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in the lattice constants [25]. The XRD results of the present study also established that 
only small changes in the lattice constants were produced with the addition of small 
quantities of Si as seen in Table 2. For instance, there was a slight increase in unit cell 
volume (0.077%) of the Si doped nano-HAP powder compared to the pure nano-HAP 
powder sample. In terms of lattice parameters (Table 2), there were slight increases in the 
(a) constant (0.013%) and the (c) constant (0.055 %). A similar study by Gomes et al. has 
also reported similar changes in the lattices constants and unit cell volumes with the 
substitution of Si into HAP [26]. Figure 4 presents a graphical representation of the 
influence of increasing Si (At. %) content on lattice constants and unit cell volumes.  
 
 
Figure 4. Graphical representation of the influence of Si (At.%) content on lattice 
constants and unit cell volume 
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The increasing Si content in the nano-HAP powders also resulted in increases of ε, σ and 
u values as seen in Table 1. For instance, the lattice strain (ε) for the pure nano-HAP 
powder was 1.310 x 10-3, while the 3% Si doped nano-HAP powder had the higher value 
of 2.065 x 10-3and the 7% had an even higher value of 3.066 x 10-3. Similarly, there were 
also increases in surface stress (σ) and anisotropic energy density with increasing Si 
content as seen in Table 1. While all samples annealed at 800 °C showed increases in 
crystallite size and decreasing levels of strain, stress and anisotropic energy density as 
seen in Table 1. Interestingly, the XRD patterns for the 7% Si doped nano-HAP powder 
sample show a significant reduction in peak intensity and peak broadening. Moreover, 
the as-synthesised sample shows a large broad peak (2θ around 22°) indicated by the red 
arrow. The presence of this feature suggests another phase (amorphous SiO2) is forming 
as result of the increased level of Si. A similar result was reported by Nakata et al. for Si 
doped HAP powders with increasing levels of Si content [27]. In addition, even after 
annealing, the 7% Si doped nano-HAP powder still displayed much higher strain levels 
than the annealed pure nano-HAP. Thus, indicating the presence of this level of Si doping 
was still subjecting the lattice structure to distortion.  
 
3.2. FT-IR spectroscopy analysis  
FT-IR spectra showing major bands for a pure nano-HAP powder sample, a 3% Si doped 
nano-HAP powder sample and a 7% doped nano-HAP powder sample are presented in 
Figure 5. FT-IR spectra were collected for as-synthesised samples and samples annealed 
at 800 °C only. Figure 5 (a) presents spectra for representative samples of as-synthesised 
and annealed pure nano-HAP powders. Starting from the right-hand side of both spectra 
is a very weak band located at 3570 cm-1 which corresponds to the O-H bond vibrations. 
However, in both cases there are no bands around 3440 cm-1 normally associated with 
adsorbed water in the lattice corresponding to OH− ion vibrations. 
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Figure 5. FT-IR spectra of as-synthesised and annealed (800 °C) nano-HAP powders: 
(a) pure nano-HAP powder; (b) Si (3%) doped nano-HAP and (c) Si (7%) nano-HAP 
 
The absence of these bands is due to the microwave treatment which significantly reduced 
the presence of adsorbed water and has also been seen and reported in similar studies 
[28]. Moving to the left are two strong bands and one weak band located at 1092 cm-1, 
1032 cm-1 and 961 cm-1 respectively. These bands correspond to the vibrational modes of 
phosphate groups (PO4)3− present in the samples [29]. The weaker band located at 632 
cm-1 indicates a hydroxyl vibrational mode. While bands located at 564 cm-1 and 601 cm-
1 are associated with O-P-O vibrational modes. Comparing the respective spectra, reveals 
that both are similar, except the annealed sample has slightly sharper bands compared to 
the as-synthesised sample. Thus, confirming that annealing had improved the crystallinity 
and corroborates the results of the XRD data.  
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Figure 5 (b) presents FT-IR spectra of a representative 3% Si doped nano-HAP powder 
samples. The presence of Si in the sample was also confirmed by XRD data and elementa l 
analysis derived from energy dispersive spectroscopy as seen in Figure 6. Inspecting 
Figure 5 (b) reveals the overall nano-HAP profile is still present, but with some additiona l 
bands. For instance, there is a wide and weak band located around 3440 cm-1 that are 
associated with OH− ion vibrations and indicate the presence of adsorbed water in the 
lattice structure. Also present is a very weak band located at 1384 cm-1 which is associated 
with the presence of carbonate ions (CO3)2− in the sample due to atmospheric CO2. In 
addition, there are three new low intensity bands located at around 470, 760 and 890 cm-
1 that were not seen in the pure nano-HAP samples. These new bands were attributed to 
the presence of SiO44- groups present in the lattice structure. Similar studies have also 
reported the presence of these weak bands in apatite structures [25, 30]. Also the presence 
of Si in the nano-HAP powders was found to broaden the bands, indicating a decrease in 
crystallinity. The broadening of both FT-IR bands and XRD peaks (as discussed above) 
indicate decreasing crystallinity, which has also been reported by other researchers for 
similar studies [31, 32]. Figure 5 (c) presents spectra for a representative 7% Si doped 
nano-HAP powder sample. And like the 3% doped sample, elemental analysis also 
confirmed the presence of Si in the 7% doped sample as seen in Figure 6. The spectra 
presented in Figure 5 (c) is similar to earlier 3% Si doped sample presented in Figure 5 
(b). However, the bands in the 7% doped sample are much wider and the bands indicat ing 
of (SiO4)4- groups located at 470, 760 and 890 cm-1 have slightly increased in intens ity, 
while the intensity of the (PO4)3− bands have slightly decreased. The FT-IR results not 
only confirm the presence of Si in all Si doped nano-HAP samples, but it also indicates 
that (PO4)3− tetrahedrons in the lattice structure are being replaced by (SiO4)4- 
tetrahedrons. This exchange mechanism of replacing (PO4)3− tetrahedrons for (SiO4)4- 
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tetrahedrons has also been reported in similar Si substitutions into HAP lattice structure 
studies [33, 34]. 
 
 
Figure 6. (a) Typical SEM image of 3% doped Si-HAP powder sample and 
representative elemental analysis (b). Images (c), (d) and (e) show the distribution of 
Ca, P and Si elements within the synthesised substituted sample 
 
3.3. Elemental analysis and electron microscopy  
The representative results of the elemental composition analysis of a 3% Si doped nano-
HAP powder sample in presented in Figure 6. The analysis shows the widespread 
distribution of Ca, P and Si with the sample. Figure 6 (b) presents the elemental content 
of Ca, P and Si in the sample. The 2.87% Si content is slightly less than the theoretical 
predicted value of 3%. However, XRD results failed to detect the presence of any 
secondary phases resulting from this slight difference. Studies reported in the literature 
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suggest that levels up to 5% Si doping can be incorporated into the HAP structure [13, 
35]. Our XRD data also suggests that 5% is likely to be the upper limit, because the 7% 
Si doped nano-HAP powder patterns shows significant changes in the spectra. 
 
A FESEM investigation was carried out on as-synthesised and annealed (800 °C) pure 
nano-HAP powders and Si doped nano-HAP powders. Representative images of the 
various samples are presented in Figure 7. Pure nano-HAP powder images of both as-
synthesised and annealed are presented in Figures 7 (a) and (b). The as-synthesised 
nanoparticles were found to be ellipsoidal in shape with an average aspect ratio of around 
1:7. Nanoparticle diameters ranged from 18 to 30 nm, and lengths between 130 nm to 200 
nm. In addition, the nanoparticles were found to cluster together to form large 
agglomerations as seen in the images presented in Figure 7 (a). Similarly, the annealed 
nanoparticles also tended to agglomerate. However, in the annealed case, the 
nanoparticles were found to have a different particle size range and morphology as seen 
in image Figure 7 (b).  In Figure 7 (b) the nanoparticles range from 80 to 150 nm, and 
have a granular and a rough irregular rectangular appearance. 
 
Representative images of 3% Si doped nano-HAP powders are presented in Figures 7 (c) 
as-synthesised and (d) annealed at 800 °C. Investigation of images reveals a change in 
both nanoparticle size and morphology. In the as-synthesised sample, there are two 
morphologies present. The 3% Si doped sample had both granular and ellipsoidal shapes. 
However, the ellipsoidal shapes have smaller dimensions than those in the pure nano-
HAP powders samples. The image reveals the ellipsoidal shapes have diameters ranging 
from 18 to 35 nm and lengths between 50 and 80 nm, with a typical aspect ratio of 3. 
Moreover, there are large numbers of granular nanoparticles present and ranging in size 
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from 45 nm to 80 nm. Also, in the annealed sample the nanoparticles are predominantly 
granular in nature and range in size from 27 to135 nm.  
 
 
Figure 7. Scanning electron micrographs of Pure nano-HAP powders (a) as-synthesised 
and (b) annealed at 800 °C, 3% Si doped nano-HAP powders (c) as-synthesised and (d) 
annealed at 800 °C, and 7% Si doped nano-HAP powders (e) as-synthesised and (f) 
annealed at 800 °C 
Images of the 7% Si doped sample as presented in Figures 7 (e) and (f) also display a 
different size range and morphology. The as-synthesis sample presented in Figure 7 (e) 
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shows both granular and ellipsoidal shapes. The granular shapes range in size between 20 
and 40 nm, while the ellipsoidal shapes have diameters between 14 and 28 nm and length 
between 40 and 75 nm. The annealed 7% Si doped sample (Figure 7 (f)) has nanopartic les 
with a similar granular morphology to the 3% Si doped annealed sample. With the only 
difference between them being the nanoparticle size range. In the 7% Si doped sample 
the particle size range varies from 25 to 80 nm.  From both the XRD and FESEM studies 
it is evident that Si substitution inhibits crystallite size growth and Si is indeed substituted 
into the HAP lattice structure. In addition, both the EDS and FT-IR studies confirmed the 
presence of Si in the various Si doped nano-HAP powder samples. Similar studies in the 
literature have also reported decreasing grain growth with increasing Si content [24, 36] 
which also indicates that (SiO4)4- ions are being substituted for (PO4)3- ions in HAP lattice 
structure [27]. Thus, Si substitution acts as an inhibitor to grain growth Si doped nano-
HAP composites in as-synthesised samples and samples annealed at 800 °C.  
 
4. Conclusion 
Si doped nano-HAP powders were prepared using a using a combined ultrasonic and 
microwave heating based method. In addition to as-synthesised samples, annealing was 
carried out for either 400 °C or 800 °C for a period of 2 h. Analysis techniques like XRD, 
FT-IR, EDS and FESEM have shown the presence of Si in the nano-HAP crystalline 
structure. XRD analysis of the Si doped nano-HAP powders revealed a single, crystalline 
phase, with a crystalline structure similar to pure nano-HAP. Both FT-IR and EDS 
analysis indicated that (SiO4)4- ions were substituted for (PO4)3- ions in nano-HAP lattice 
structure. X-ray peak broadening analysis using Williamson-Hall methods revealed the 
increasing amounts of Si distorted the HAP lattice structure and as a result increased 
strain, stress and anisotropic energy density in the doped powder samples. The analysis 
also revealed small increases in the lattice constants and unit cell volume.  In addition, 
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the presence of Si in the doped samples tended to inhibit grain growth and reduce 
crystallinity.  
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5.3. Chapter Summary 
Chapter five addressed the third aim of the thesis, which was to produce ion substituted 
nano-HAP powders for potential use in repairing damaged enamel and dentine, and 
promoting bioactivity and re-mineralisation. This was achieved by developing, 
optimising and characterising two metal ion doped nano-HAP powders. Research into 
Mg doped nano-HAP powders formed Case Study 2, while the Si doped nano-HAP 
powders formed Case Study 3. In each case study, the doped nano-HAP powders were 
prepared using a combined ultrasonic and microwave heating-based method. In each 
case study the respective doped nano-HAP powders were successfully synthesised. 
Subsequent analysis revealed the respective metallic ions were incorporated into the 
HAP structure and slightly changed the lattice parameters. In both case studies, the X-
ray based Williamson-Hall analysis revealed the respective ion substitution modified 
significantly the crystalline structure. In the case of Mg doping, there was a decrease in 
crystallite size, while properties like lattice strain, stress and anisotropic energy density 
values increased. In addition, the analysis found the introduction of Mg into the nano-
HAP structure resulted in a decrease in calcium content. While FESEM studies revealed 
that Mg acted as a growth inhibitor and reduced the crystallinity of the nano-HAP 
powder. While Si doping resulted in (SiO4)4- ions being substituted for (PO4)3- ions in 
the nano-HAP lattice structure. In addition, increasing amounts of Si distorted the HAP 
lattice structure and generated increased strain, stress and anisotropic energy density. 
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Chapter 6: 
Incorporation, development and application of magnesium and silicon 
doped nano-HAP powders in new or existing commercial dental 
products 
  
6.1. Introduction  
Oral health care is a very important factor in maintaining overall good health in humans. 
There has been considerable progress made in developing new materials, implants and 
protocols for preventative and restorative dental applications since the middle of the 20th 
century. The frequent consumption of acidic foods and beverages common in today’s 
diets, has been identified as the main cause of accelerated tooth erosion and 
demineralization [1, 2]. The world health organisation estimates that around all adults and 
60 to 90% of children have dental cavities [3]. With western countries generally having 
the highest rates of decay and dental fillings as seen in Figure 6.1. Hence, dental 
treatments have become the most frequent medical procedures performed on human being 
today. 
 
Figure 6.1. Global rates of tooth decay and dental fillings [3]. 
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In recent years, a number of comprehensive studies have been undertaken to determine 
the most effective methods of improving oral health [4, 5]. These studies have identified 
two strategies to improve oral health care. The strategy is preventative treatments which 
include methods like mouthwashes and toothpastes. While the second strategy focuses on 
restorative treatments which include methods like filling cavities (dental caries) to 
completely replacing damaged or decayed teeth. However, the most effective strategy for 
good oral health is prevention. Thus, in recent years research has primarily focused on 
developing more effective products that are capable of removing tooth plaque and re-
mineralising teeth. And secondly, to enhance the existing restorative materials and 
developing new bioactive restorative materials that can promote more successful clinica l 
outcomes for patients.      
 
As presented, (in Chapter 2) the extensive literature review titled “Progress of 
Nanomaterials in Preventative and Restorative Dentistry”, the importance of bioactive 
materials to promote the repair and formation of new dental tissues like enamel and 
dentine was discussed. In addition to this review a survey was also conducted to evaluate 
the potential of using magnesium and silicon doped nano-HAP powders in existing 
commercially available products or as the basis of new products. This was done because 
currently available commercial products have not taken advantage of nano-HAP powders 
containing additives like magnesium and silicon. Thus, the present chapter surveys the 
present dental product market from both a consumer and manufacturer perspective to 
determine the viability of using the Mg and Si doped nano-HAP powders developed in 
the present work for use in future dental products. This objective also addresses aim 1, 
which was to deliver nanotechnology-based materials for preventative and restorative 
dental products.  
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6.2. Survey of dental products and practices 
To ascertain consumer and dental practitioner’s understanding of dental products a major 
survey was also carried out to address the need to match the research thrust to the need of 
the commercial market needs. The survey targeted a wide range of customers and 
consisted of both an online questionnaire and face to face interviews. The results of the 
comprehensive survey are presented in Appendix B. Overall, the results of the survey 
revealed that both parents and children are apprehensive about visits to the dentist. In 
spite of Colgate® being the market leader in several dental products like toothpastes, there 
is still a large demand for better and more effective toothpastes. Apart from sodium 
fluoride, very few manufacturers include any other beneficial metallic ions. On the whole, 
all preventative dental products are aimed at selling the image depicted in Figure 2. Thus, 
there is considerable scope for introducing the beneficial Mg and Si doped nano-HAP 
powders developed in this project into conventional preventative dental products.   
 
 
Figure 6.2. An image of the smiles designed to sell dental products [6] 
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6.3. Development of new and innovative products  
Because Mg acts like a growth factor and Si promotes bioactivity and hard tissue 
formation, Mg and Si doped nano-HAP powders produced as part of this thesis have the 
potential to deliver many beneficial outcomes for patients. With this objective in mind, a 
number of approaches were adopted to fully investigate possible dental products 
incorporating the pure nano-HAP powders and metallic doped nano-Hap powders 
produced during this thesis. A number of options were pursued in developing potential 
products that offered an attractive alternative to conventional products. Figure 3 presents 
the NanoDent concept, an alternative to conventional dental toothpastes. The produce is 
a nano-HAP based product designed to stimulate the regrowth of natural tooth enamel. 
The concept behind this product for both preventative and restorative dentistry can be 
found in Appendix C1. 
 
 
Figure 6.3. NanoDent as an alternative to conventional toothpastes 
 
Page | 213  
 
In addition to NanoDent, NanoBright was a specialist tooth paste designed in this thesis 
to strengthen the tooth enamel. Where most current toothpastes are mainly abrasive, in 
nature due to their silica content, with some re-mineralisation agents to prevent further 
decay, NanoBright’s nanometre scale and micrometre scale ingredients offer a more 
comprehensive cleaning and re-mineralisation in only one material. The nano-HAP-based 
ingredients have the potential to penetrate tooth enamel and dentine. This type of delivery 
promotes more effective re-mineralisation and in turns promotes tooth hardness and 
toughness. A presentation of this product can be found in Appendix C2. These products 
use advanced nanotechnology-based manufacturing processes to produce a biocompatib le 
material that can be used in dental filling or as a stand-alone paste for strengthening tooth 
enamel. However, at this stage these products are still in their early stages of development. 
The following chapter discusses future research that needs to be done before fully 
validated dental products can enter the market place.   
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Chapter 7: 
Conclusion, discussions and further work 
 
Good oral health care is extremely important in maintaining overall good health in 
humans. However, the frequent consumption of acidic foods and beverages common in 
today’s diets accelerates tooth erosion and demineralization. For several years, HAP has 
been used as a viable substitute for bone in many clinical and tissue engineer ing 
applications. It has also been used to coat metal implants because it promotes new bone 
formation and enhances osteointegration [1, 2]. From a dental perspective, there has been 
considerable progress made in developing new advanced nanometre scale materials for 
preventative and restorative dental applications [3-5]. However, in spite of the progress 
made in developing new materials for dental restorations, material failures resulting from 
secondary caries can be as large as 50 to 60% [6]. Accordingly, there is considerable 
interest in developing new advanced nanomaterials to produce new dental products or 
incorporating them into existing products to improve their performance [7]. Hence, the 
present work has successfully produced pure nano-HAP and metallic ion (Mg or Si) 
doped nano-HAP powders with the potential to create new dental products or be 
incorporated into traditional products to improve their performance.    
 
7.1. Research Results and Achievements 
The present research work focused on three aims: 1) To carry out an extensive literature 
review that provides an overview of the current state of research and progress towards 
delivering a variety of nanotechnology-based preventative and restorative dental 
products; 2) Develop and optimise a combined ultrasonic and microwave heating based 
process for generating nanometre scale powders composed rod-like crystallites that have 
similar material properties, size and shape to crystallites found in dental enamel and 
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dentine; and 3) Produce metal ion substituted nano-HAP powders for potential use in 
repairing damaged enamel and dentine, and promoting bioactivity and re-mineralisat ion. 
In addition to (XRD), (FT-IR) and (FESEM) characterisation, Williamson-Hall analysis 
will be carried out to determine lattice structural parameters like strain, deformation stress 
and energy density present in the respective doped nano-HAP powders. 
 
To achieve the three aims, the thesis incorporated a major literature review article titled 
“Progress of Nanomaterials in Preventative and Restorative Dentistry”. It produced Case 
Study 1, which developed and optimised a combined ultrasonic and microwave heating 
based process for generating nano-HAP powders with a unique size range and particle 
morphology. While Case Studies 2 and 3 addressed the objective of Aim 3, which was to 
generate ion (Mg or Si) substituted nano-HAP powders for potential use in repairing 
damaged enamel and dentine, and promoting bioactivity and re-mineralisation. In 
addition, several advanced characterisations techniques and the Williamson-Hall analysis 
were used to determine physiochemical properties of the respective doped nano-HAP 
powders. Moreover, a survey was undertaken to ascertain consumer’s and practitione r’s 
understanding of dental products, shortcomings of current products and the need for more 
effective products. The results of the survey provided additional oral health market 
information, which was used to target the nano-HAP based materials generated in this 
research work towards specific dental applications.   
 
After discussing the setting of the thesis research and detailing the research aims, the 
second chapter focused on reviewing current literature reporting on the current state of 
research and applications of nanomaterials in dentistry. The comprehensive review 
identified the importance of Nano-Dentistry and its potential to transform current dental 
practices and deliver a wide range of novel products capable of delivering more effective 
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health care strategies. The review was wide-ranging and examined the development and 
use of new advanced nanomaterials. The advantage of these new advanced nano-based 
materials is their ability to enhance the performance of existing dental composites and 
improve tooth restoration procedures. The attractive features of these new materials were 
found to come from their superior physiochemical and mechanical properties. 
Furthermore, the enhanced aesthetics of these new materials makes them ideal restorative 
materials in several dental procedures. However, the review also balanced the benefits 
against possible negative health effects resulting from exposure to these new and largely 
unknown nano-based products. Importantly, the review revealed that medical research is 
limited and current studies suggest that nanomaterial toxicity is low. However, the review 
highlighted the need for further studies to fully identify potential toxicity issues arising 
from exposure levels and human-nanomaterial interaction mechanisms during dental 
procedures. The review also pointed out the importance of these future toxicity studies, 
since they are needed to allay health concerns. In fact, without dental practitioner and 
public acceptance, nano-dentistry will be unable to deliver a new era of health care 
benefits. 
 
Chapter four titled “Development, optimisation and characterisation of pure nanometre 
scale hydroxyapatite powders generated by a combined ultrasonic and microwave-based 
process” advances scientific knowledge and addresses the objective of Aim 2, that was 
to develop and optimise a combined ultrasonic and microwave heating based process for 
generating nanometre scale hydroxyapatite powders that have similar material properties 
to crystallites found in dental enamel and dentine. This was successfully done through 
Case Study 1, which also provided “proof of concept” for the combined ultrasonic and 
microwave-based process. The study found the combined method had three processing 
advantages: 1) increased reaction rates; 2) improved reactant outputs, and 3) more 
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efficient use of energy. Moreover, ultrasonic synthesis generally produces nanomater ia ls 
with spherical morphology, but the inclusion of the microwave treatment resulted in an 
ellipsoidal nanoparticle morphology. Thus, the resulting nano-HAP particles had aspect 
ratios, sizes and shapes similar to those found in tooth enamel. Furthermore, advanced 
characterisation techniques revealed the synthesised nano-HAP powders were pure, 
crystalline and closely matched natural HAP found in both tooth enamel and dentine. 
 
Chapter five titled “Synthesis and characterisation of ion substituted nanometre scale 
hydroxyapatite powders” significantly contributed to scientific knowledge and addressed 
the objective of Aim 3, that was to produce ion (Mg or Si) substituted nano-HAP powders 
for potential use in repairing damaged enamel and dentine, and promoting bioactivity and 
re-mineralisation. This aim was successfully achieved through Case Study 2 and Case 
Study 3. Both case studies demonstrated a “proof of concept” for the combined ultrasonic 
and microwave-based process to effectively produce metallic ion doped nano-HAP 
powders. Case Study 2 titled “Ultrasonic assisted synthesis, characterization and 
Williamson–Hall based X-ray peak profile estimation of lattice strain in Magnesium 
substituted nanocrystalline hydroxyapatite powders” clearly demonstrated the feasibility 
of producing a Mg doped nano-HAP powder. Both advanced characterisation techniques 
and Williamson-Hall analysis confirmed the inclusion of Mg ions in the nano-HAP lattice 
structure. In fact, the study revealed Mg2+ ions replaced Ca2+ ions which resulted in a 
decrease in calcium content. While subsequent electron microscopy studies revealed Mg 
acted as a grain growth inhibitor and reduced the crystallinity of the nano-HAP powders. 
Case Study 3 titled “Ultrasonically engineered silicon substituted hydroxyapatite 
nanoparticles: synthesis, characterization and property evaluation” also demonstrated 
the ability of combined ultrasonic and microwave heating-based method to produce Si 
doped nano-HAP powders. Advanced characterisation studies and Williamson-Hall 
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analysis established the presence of Si in the nano-HAP lattice structure. Analysis of the 
various advanced characterisation studies indicated that during Si doping (SiO4)4- ions 
were being substituted for (PO4)3- ions in nano-HAP lattice structure. And increasing 
amounts of Si doping increased lattice distortion inhibit grain growth and reduce nano-
HAP powder crystallinity. 
 
The achievements of Case Studies 2 and 3 stem from the fact that the combined ultrasonic 
and microwave heating-based method developed in Study Case 1 can be used to generate 
nano-HAP powders containing important bioactive nutrients like Mg and Si. Mg acts like 
a growth factor during the early stages of osteogenesis, while Si aids in the growth and 
development of hard tissues such as bone and teeth. Thus, it highlighted the importance 
of doping nano-HAP to improve in vivo bioactivity, remineralisation, and enhancing 
tissue regeneration and good dental health.  
 
Chapter six titled “Incorporation, development and application of magnesium and silicon 
doped nano-HAP powders in new or existing commercial dental products” is in two parts 
and reinforces the objective of Aim 1. This was successfully done in both parts. The first 
part involved conducting questionnaire-based survey which evaluated consumer’s and 
dental practitioner’s understanding of preventative and restorative dental products 
currently available in the market place. The results of the comprehensive survey are 
presented in Appendix B. Interestingly; this survey revealed that Colgate® in spite of 
being the market leader with several dental products, a large number of survey 
participants still wanted better and more effective preventative toothpastes and 
mouthwashes. Importantly, apart from sodium fluoride, very few manufacturers include 
any other beneficial metallic ions in their products. Thus, indicating the importance of the 
present research which has clearly shown that two important metallic ion (Mg & Si) 
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nutrients contained within nano-HAP powders could be included in existing products like 
toothpastes and mouthwashes. And in the case of restorative treatments, the metallic 
doped nano-HAP powders could be incorporated into conventional dental fillers or form 
the basis for new filler products. The second part of chapter six looked at developing new 
and innovative products based on pure nano-HAP powders and Mg or Si doped nano-
HAP powders. Two concepts were investigated and presented in Appendix C. These 
concepts have clearly demonstrated that new and innovative products can be developed 
from the nanomaterials produced during this thesis.  
 
7.2. Recommendations for Future Work 
The combined ultrasonic and microwave heating-based technique developed and 
optimised in Study Case 1 has clearly demonstrated its ability to generate nano-HAP 
powders with unique physiochemical properties. Further, both Case Studies 2 and 3 
subsequently demonstrated that it is possible to dope the nano-HAP powders with 
important metallic bioactive nutrients like Mg and Si respectively. However, further 
research work is needed to extend this research and optimise the combined ultrasonic and 
microwave heating-based for producing other important metallic elements like fluoride 
and zinc, and combinations of various metallic ions. Moreover, the developed 
nanomaterials can also be mechanically tested for fatigue testing using dynamic test 
instruments and for micro-hardness/strength with a nanoindenter.  However, the literature 
review presented in chapter two and section 7.1 above highlighted the need for further 
studies to identify potential toxicity issues arising from exposure to these new 
nanomaterials. At present, exposure to these new nanomaterials is believed to have very 
little to no negative health effects. So, future work is needed to take into account any 
possible toxicity effects to human tissues.  With this in mind extensive animal testing of 
the nanomaterials would be carried out prior to clinical trials in humans. This stage is 
Page | 221  
 
very important, since extensive animal and clinical trials will allay health concerns 
regarding possible toxicity issues. And without these exhaustive toxicity studies, (to 
obtain Australian Therapeutic Goods Administration TGA approval) it would be 
exceedingly difficult to gain both dental practitioner and public acceptance of these new 
nanomaterials. The importance of toxicity studies in animal models and subsequent 
clinical trials is highlighted in Figure 7.1. As highlighted in the schematic, the later stages 
needed for developing the nanomaterials into a commercial product cannot take place 
without successful completion of animal and clinical trials.  
 
 
Figure 7.1. Schematic of proposed future work needed to produce new pure nano-HAP 
and metallic ion (Mg or Si) doped nano-HAP powders. 
 
Furthermore, future work is needed to determine the most favourable optimisa t ion 
parameters needed to produce commercial quantities of nanomaterials needed for product 
formulation using competitive cost-effective strategies. Thus, addressing these issues will 
ensure scaling up production to profitable industrial scales is possible.  
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Abstract 
Two types of highly stable 0.1% graphene oxide-based aqueous nanofluids were 
synthesised and investigated. The first nanofluid (GO) was prepared under the 
influence of ultrasonic irradiation without surfactant. The second nanofluid was 
treated with Tetra ethyl ammonium hydroxide (TEAH) to reduce the graphene oxide 
to form reduced graphene oxide (RGO) during ultrasonic irradiation. The GO and 
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RGO powders were characterised by various techniques such as field emission 
scanning electron microscopy, transmission electron microscopy, X-ray diffraction 
and Raman. Also UV – visible absorption spectroscopy was carried out and band gap 
energies were determined. Optical band gap energies for indirect transitions ranged 
from 3.4 to 4.4 eV and for direct transitions they ranged between 2.2 and 3.7 eV. 
Thermal conductivity measurements of the GO-based aqueous nanofluid revealed an 
enhancement of 9.5% at 40 °C compared to pure water, while the RGO-based 
aqueous nanofluid at 40 °C had a value 9.23% lower than pure water. Furthermore, 
the photothermal response of the RGO-based aqueous nanofluid had a 13.5°C 
enhance compared to pure water, the GO-based aqueous nanofluid only displayed a 
10.9°C enhancement after 20 min exposure to a solar irradiance of 1000 Wm-2. Both 
nanofluid types displayed good long-term stability, with the GO-based aqueous 
nanofluid having a zeta potential of 30.3 mV and the RGO-based aqueous nanofluid 
having a value of 47.6 mV after six months. The good dispersion stability and 
photothermal performance makes both nanofluid types very promising working 
fluids for low-temperature direct absorption solar collectors. 
Introduction 
Since the beginning of the twenty first century, there has been considerable scientific 
and industrial interest in multifunctional carbon-based nanometre scale materials like 
fullerenes, carbon nanotubes and recently graphene. This interest stems from the 
unique electronic, mechanical, optical and thermal properties exhibited by these 
nanometre scale carbonic materials1, 2. Among these materials, graphene has attracted 
special interest due to its high mechanical strength, excellent thermal properties, 
outstanding carrier mobility, and unique chemical properties3-6. These unique 
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properties arise from graphenes unique one-atom-thick planar array of tightly packed 
sp2 hybridised carbon atoms arranged in a two-dimensional (2D) honeycomb lattice 
structure7. Because of its unique properties, graphene was identified as an ideal 
candidate for several applications including electronic devices, sensors and 
photovoltaic systems8-11. And as a result, several physical and chemical processes 
were developed to produce large quantities of graphene at low cost. Physical 
processes include chemical vapour deposition (CVD), carbon nanotube unzipping, 
epitaxial growth, and micro-mechanical cleavage of highly ordered pyrolytic 
graphite12-14. While chemical processes include chemical synthesis from aromatic 
compounds, chemical reduction of graphene oxide, and direct exfoliation15-17. In 
recent years, newly emerging graphene oxide (GO), an oxidised derivative of 
graphene, has also attracted significant scientific and industrial interest due to its 
potential use in developing new sensors, electronic and optoelectronic devices, and 
organic solar cells18-21.  
In spite of GO being a derivative of graphene, it still possesses similar properties like 
conductivity, mechanical strength and transparency to those of graphene22-24. GO 
consists of a two-dimensional graphene monolayer covalently bonded to a variety of 
surface oxygen-bearing functional groups, such as carbonyl, carboxyl, epoxide and 
hydroxyl. The basal plane of GO is decorated with epoxide and hydroxyl functional 
groups, while carbonyl and carboxylic functional groups are found attached to its 
edges25. The existence of these oxygen-bearing functional groups generates a two-
dimensional array of sp2 and sp3 bonded atoms in the GO structure. The presence of 
these oxygen-bearing functional groups also promotes the interaction with a wide 
variety of organic and inorganic molecules to produce a range of GO-based materials 
with enhanced properties. The coverage of oxygen-bearing functional groups can 
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vary depending on the degree of oxidation produced during manufacture. Extensive 
oxidation can reduce material properties, but the subsequent reduction of GO can 
restore property performance to values similar to graphene26. Typical methods for 
reducing graphene oxide include chemical reduction, thermal reduction and UV 
irradiation27, 28. 
Several interesting features of GO include fluorescence, large surface area, water-
solubility and good colloidal stability. Its attractive amphipathic nature also permits 
easy dispersion in solvents like ethylene glycol (EG) and ionic liquids29. In addition 
to these properties, GO has superior mechanical properties, its surface can be easily 
modified, and it displays good biocompatibility30. GO can be generally manufactured 
by Hummers method, oxidative methods and structure refining techniques31-33. 
However, properties produced in the resulting GO’s are heavily dependent on the 
manufacturing process used. Thus, different manufacturing processes can produce 
GO’s with different optical and electronic properties resulting from the various 
oxygen-bearing functional groups generated during manufacture. For example, GO’s 
electronic structure depends on the stoichiometric carbon-to-oxygen atomic ratio 
resulting from the various oxygen-bearing functional groups present. Therefore, it is 
possible to transform insulating properties (wide band gap) to those of a 
semiconductor (finite band gap) or a graphene-like semi-metal by varying the 
fraction of sp2 and sp3 domains present in the GO structure34. Thus, prospective 
applications of graphene oxide are dependent on the material properties produced by 
the respective manufacturing process. 
An interesting feature of graphene oxide is its atomically planar surface can act as a 
reaction site for the functionalization of oxygen-bearing groups and other active 
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chemical species35. Moreover, GO’s optical properties and high thermal capacity 
have attracted the attention of researchers investigating methods of harvesting and 
converting abundant solar energy into electrical and thermal energy36-38. Among the 
various methods for exploiting solar energy, the most common method of harvesting 
and utilisation is via solar thermal collectors. Solar thermal collectors are designed to 
collect solar radiation, absorbed the radiation and converted into thermal energy, 
which is then transferred to a working fluid. Typically, solar thermal collectors 
consist of plates or tubes coated with a spectrally selective material that improves the 
absorption of solar irradiation39. Located within the plates or tubes is a circulating 
working fluid or heat transfer fluid that absorbs and transfers the thermal energy. The 
most attractive feature of solar thermal collectors is their energy output is totally 
renewable and does not produce greenhouse gas emissions. However, solar thermal 
collectors suffer from a number of shortcomings that include inefficient solar 
capture, low heat transfer rates to the working fluid and collector heat losses40. Thus, 
direct absorption solar collectors were developed to overcome these shortcomings by 
directly transferring solar energy into a circulating working fluid. The working fluid 
can flow in either an open-loop or closed-loop configuration. In the closed-loop 
configuration (higher energy applications), the working fluid flows through a heat 
exchanger circuit that separates it from a potable water circuit. Conventional working 
fluids used in heat exchanger circuits have included water, ethylene glycol, 
water/ethylene glycol mixtures and a range of oils. Unfortunately, these fluids 
display low adsorptive properties over the solar spectrum (0.25 < λ < 2.5 µm) and 
makes them inefficient working fluids in direct absorption solar collectors41.  
Globally, current research is aimed at developing new working fluids with enhanced 
optical and thermal properties since this will significantly improve the performance 
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of direct solar absorption collectors. Several studies have shown the addition of low 
concentrations of micrometre scale particles (solid phase) to a conventional working 
fluid can significantly enhance its optical and thermal properties42. However, these 
two-phase fluids have a number of operational problems that include: 1) particle 
sedimentation resulting in reduced heat transfer rates; 2) high erosion rates caused by 
circulating particles; 3) particles tend to accumulate and block narrow flow channels; 
4) increased flow resistance and larger pressure drops, and 5) improved thermo-
physical properties of working fluid are achieved at larger particle concentrations, 
which in turn increases the above mentioned problems43. Because of these 
operational problems, two-phase working fluids containing micrometre scale 
particles have not gained acceptance. However, with the advent of multifunctional 
carbon-based nanometre scale materials, there has been a renewed interest in 
developing two-phase working fluids specifically designed for direct absorption solar 
collector applications. Importantly, when nanometre scale materials are dispersed in 
base fluids, they form colloidal suspensions known as nanofluids. Thus, avoiding 
many of the problems normally associated with two-phase fluids incorporating 
micrometre scale particles.  Thus, in recent years several studies have regularly 
investigated the potential use of carbon-based nanometre scale materials like 
fullerenes, carbon nanotubes and graphene for inclusion in nanofluid formulations. In 
particular, GO has attracted significant interest due to the presence of hydrophilic 
groups on its surface and its excellent dispersion in water and alcohols, combined 
with attractive optical and thermal properties that make it a promising enhancement 
agent in water-based nanofluids44-47. 
The present study, for the first time, has developed a facile approach for preparing 
well-dispersed GO and reduced graphene oxide (RGO) based aqueous nanofluids at 
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room temperature. Tetra ethylene ammonium hydroxide (TEAH) was used as both 
reducing and stabilising agent. Commercially available GO powder and TEAH were 
the principal ingredients used in the straightforward ultrasound assisted procedure for 
producing aqueous- based nanofluids suitable for direct solar absorption collectors. 
The GO powders and GO-based aqueous nanofluids were characterised by several 
advanced characterisation techniques. Techniques like Fourier Transform Infrared 
Spectroscopy (FT-IR), thermo-gravimetric analysis (TGA), X-ray diffraction (XRD), 
Raman spectroscopy and transmission electron microscopy (TEM) were used to 
analyse and compare the structure and composition of respective GO materials 
before and after treatment with TEAH. Ultraviolet visible (UV–visible) spectroscopy 
was used to monitor the degree of graphene oxide reduction. In addition, the UV–
visible absorption spectra was used to generate Tauc plots with linear extrapolation 
to determine optical band gap energies of the GO and RGO powders. Furthermore, 
thermal conductivity, electrical conductivity and photo-thermal response of the 
respective nanofluids were also investigated. 
Materials & Methods 
Graphene oxide (GO) powder (product number: GNOS0010) was purchased from 
ACS Material, LLC (Pasadena, California, United States of America) and Tetra ethyl 
ammonium hydroxide [TEAH, C8H21NO, (35% in water)] was purchased from 
Tokyo Chemical Industry Co., Ltd. (Kita-Ku, Tokyo, Japan). All chemicals and 
solvents were analytical grade and used without further purification. All aqueous-
based solutions used in the present study were produced from Milli-Q® water (10 
MΩ cm-1) generated from a Milli-Q® Reagent water system supplied by the Millipore 
Corporation. 
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Synthesis of GO-based aqueous nanofluids 
Two types of GO-based nanofluids were produced. The first type was a GO-based 
aqueous nanofluid. While the second type was also a GO water-based nanofluid, but 
this time utilising TEAH to first reduce the GO to form RGO and then promote 
greater nanofluid stability. 
Synthesis of 0.1% GO-based aqueous nanofluid (without TEAH) 
The procedure begins by first adding 0.1g of GO powder into a mortar and then 
adding a 2ml solution of Milli-Q® water. The mixture is then ground for five minutes 
to produce a smooth paste. The paste was then added to a 100 ml solution of Milli-
Q® water. The solution was then sonicated for 10 minutes using an ultrasonic 
processor (Hielscher UP400S) set at a power level of 400 W. After ultrasonic 
treatment, the resulting greyish tinted brown solution (as seen in Figure 4 (a) insert) 
was stored at room temperature ready for further studies.   
Synthesis of 0.1% RGO-based aqueous nanofluid (with TEAH) 
Initially, in a 100 ml Schott bottle, TEAH (20% by volume) was added and mixed 
with Milli-Q® water to make a 100 ml stock solution. Then 0.1g of GO powder was 
placed into a mortar and then 2ml of stock solution was added. The mixture is then 
ground for five minutes to produce a smooth paste. The paste was added to a 100 ml 
beaker containing a solution of 10 ml of stock solution and 90 ml of Milli-Q® water. 
The combined solution was then sonicated for 10 minutes using the ultrasonic 
processor set at a power level of 400 W. After ultrasonic treatment, the resulting 
black solution (as seen in Figure 4 (a) insert) was stored at room temperature ready 
for further studies.   
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Characterisation of powder samples and fluids  
Electron microscopy studies 
Two electron microscopy studies were undertaken. The first study was a bright field 
transmission electron microscopy (TEM) investigation of the size, shape and 
topography of the various GO and RGO powder samples. The study was carried out 
using a Tecnai G2, FEI, (Electron Optics, USA) microscope operating at 100 kV. 
The second study used a high-resolution field emission scanning electron microscope 
(FESEM: FEI-Verios 460) operating at 5 kV, with 0.10 nA current and operating 
under secondary electron mode. The FESEM was also used to examine the physical 
structure and topography of the GO and RGO powder samples. Prior to analysis, 
dried powder samples were deposited on carbon tape covered SEM holders and then 
sputter coated (E5000, Polaron Equipment Ltd.) with a 2 nm layer of platinum to 
prevent charge build up. 
Fourier transform infrared spectroscopy (FT-IR)  
FT-IR studies were undertaken to identify functional groups and their respective 
vibration modes present in the samples using a PerkinElmer FT-IR / NIR 
Spectrometer Frontier with Universal signal bounce Diamond ATR attachment. FT-
IR spectra were recorded in the scanning range from 400 to 4000 cm-1 with a 
resolution step of 1 cm-1. 
Thermo-gravimetric analysis (TGA) 
TGA was carried out to evaluate the thermal stability of the GO and RGO powder 
samples using a Perkin Elmer simultaneous thermal analyser STA 8000. Thermal 
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stability was carried out in air at a flow rate of 20 ml min-1, over a temperature range 
of 30 to 1000 °C with an incremental heating rate of 25 °C min-1.  
X-Ray Diffraction (XRD) Spectroscopy 
The crystalline structure of the GO and RGO powder samples were characterised 
using X-ray diffraction spectroscopy. X-ray powder diffraction patterns were 
recorded using a GBC® eMMA X-Ray Powder Diffractometer (Cu Kα = 1.54056 Å 
radiation source) operating at 35 kV and 28 mA. Diffraction patterns were collected 
over a 2θ range starting at 5° and finishing at 75° with an incremental step size of 
0.02° and an acquisition speed of 2° min-1. Sample preparation consisted of taking 
two to three drops from each glass vial containing a particular liquid samples. The 
drops were deposited and spread over individual glass microscope slides, which were 
then dried under vacuum for a period of 24 hours at a temperature of 40 °C. The 
observed Bragg peak positions in the patterns were compared with those reported in 
the ICDD (International Centre for Diffraction Data) databases and the appropriate 
Miller indices were assigned to the respective peaks. 
Raman spectroscopy 
Raman spectroscopy measurements were carried out by a LabRAM 1B Raman 
spectrometer using a 632.82 nm Helium Neon laser light source with a spectral 
resolution of 1 cm−1. This technique was used to determine molecular vibrations and 
chemical compositions of the various samples.  
UV-visible spectroscopy 
UV-visible spectroscopy was used to assess the chromophores present in the GO and 
RGO samples and determine the optical band gap energies of the respective samples. 
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Samples were scanned using an Agilent/HP 8453 UV-Visible Spectrophotometer 
over a spectral range between 190 and 1100 nm, with a range resolution of 1 nm. 
Photo-thermal response of GO and RGO based aqueous nanofluids 
The photo-thermal response of the various fluids and nanofluids was carried out in a 
specifically designed solar simulator. The solar simulator light source was produced 
by a Philips 13096 ELH (120V, 300W-G5D) light tube. The simulator was adjusted 
and calibrated using a LI-200 R Pyranometer to produce a solar irradiance of 985 
Wm-2. A covered Petri dish, containing 25g-of the sample to be tested was placed 
over insulation material at a distance of 25 cm from the illumination source. The 
temperature of the samples were monitored using a Digitech QM-1600 meter with 
the thermocouple inserted into the fluid, while thermal images were recorded using a 
hand held thermal camera (Fluke Ti 25). Three sets of temperature measurements 
were carried out and recorded in real time, with the mean value being used. 
Measurements were carried out at room temperature, which was typically around 
25°C. 
Thermal conductivity of nanofluids 
Thermal conductivity measurements were carried out using a KD2 Pro Thermal 
Properties Analyser (Decagon Devices, Inc.). The instrument is based on the 
transient hot wire method and uses a single-needle sensor probe for heating and 
monitoring temperature. The thermal conductivity range of the instrument is between 
0.02 and 2 Wm-1K-1. The probe (1.3 mm in diameter and 60 mm long) was vertically 
immersed in the centre of the sample. For each sample, measurements were taken at 
every 15 min, and the thermal conductivity was determined from the mean of ten 
readings at the same temperature. The sample container was immersed in a 
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temperature controlled water circulating bath [GD 120 Grant Instruments 
(Cambridge) Ltd.] to ensure the constant temperature measurements. Initially, the 
probe was calibrated against pure water within the temperature range of 20 to 40°C 
and produced a maximum relative standard deviation of 3.5%. 
Nanofluid stability measurements 
In order to quantitatively determine long-term stability of the nanofluids their zeta 
potentials (ζ) were measured using a Zetasizer Nano-ZS (Malvern Instruments, 
England). The samples were measured at 25°C and measurement accuracy was 
within 2%. 
Nanofluid viscosity measurements 
The kinematic viscosity of the respective nanofluids was measured using a 
Ubbelohde Viscometer (SCHOTT-GERATE GmbH, Germany). The capillary based 
method was used to measure viscosity in a temperature range between 25 and 60°C 
with incremental temperature reading taken every 5°C. Temperature regulation of the 
viscometer was maintained using a temperature-controlled glass water bath [GD 120 
Grant Instrument (Cambridge) Ltd.]. The mean of five measurements at each 
temperature was used to ensure reliable and accuracy of each measurement. 
Results and discussions 
In order to investigate the influence of tetra ethyl ammonium hydroxide (TEAH) 
during the transformation of graphene oxide (GO) to reduced graphene oxide (RGO) 
several electron microscopy and characterisation studies were undertaken. The 
following sections present the results of these investigations. 
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Electron microscopy and nanofluid stability 
Figure 1 presents representative electron microscopy images of dried nanofluid 
samples containing GO and RGO. Figure 1 (a) presents a representative FESEM 
image of GO prior to processing. The image shows an agglomeration of large 
micrometre scale sheets displaying surface wrinkling and folding. Figure 1 (c) 
presents a typical micrometre scale flake of GO, which displays some surface 
wrinkling. Figure 1 (d) presents a representative TEM sample showing well 
dispersed and transparent sheets of GO. Stability measurements for these samples 
gave an absolute zeta potential of 43.4 mV (Figure 1 (b). Typically, suspensions with 
absolute zeta potential values greater than 30 mV are physically stable, while 
suspensions below 20 mV have limited stability, and suspensions below 5 mV 
experience rapid aggregation. Thus, the GO-based aqueous nanofluid is physically 
stable and it was only after six months its zeta potential dropped down to 30.3 mV. 
In the case of the RGO-based aqueous nanofluid, the surface features of the flakes 
were different as seen in FESEM image presented in Figure 1 (e) and TEM image 
shown in Figure 1 (f). The change in texture and surface features supports the results 
of the following characterisation studies that indicate oxygen-bearing functional 
groups and water molecules were expelled during chemical reduction by TEAH. 
Interestingly, the RGO-based aqueous nanofluid had a much larger initial absolute 
zeta potential value of 48.4 mV (Figure 1 (b)) and even after six months its value was 
still high with a value of 47.6 mV. This equated to a reduction of around 1.7% and 
clearly indicates the RGO-based aqueous nanofluid has very good long-term 
stability.  
FT-IR spectroscopy  
Page | 249  
 
 
Figure 1. (a) FESEM image of GO prior to processing, (b) absolute zeta potential 
values for fresh nanofluid samples and those after six months storage, (c) FESEM 
and (d) TEM images of GO -based aqueous nanofluids and (e) FESEM and (f) TEM 
are images of RGO-based nanofluids 
An FT-IR spectroscopy investigation was carried out on samples and Figure 2 (a) 
shows representative spectra of a GO and RGO based nanofluids. Figure 2 (a, i) 
presents a representative spectrum of a GO-based aqueous nanofluid and shows a 
number of vibrational transitions. The spectrum displays a broad band at 3169 cm-1 
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that was identified as the O–H stretching vibrations of adsorbed water molecules and 
the presence of structural OH groups48. In the middle of the spectra are two other 
bands, the weak 1711 cm-1 and much stronger 1619 cm-1. The weak 1711 cm-1 band 
was assigned to C=O stretching vibrations of carbonyl groups, while the much 
stronger band located at 1619 cm-1 was assigned to C=O stretching vibrations of 
carboxylic and/or carbonyl functional groups. However, some studies have suggested 
the 1619 cm-1 band could be the result of water bending modes49 and others believe it 
to be the aromatic C=C bond50. The band identified at 1396 cm-1 could be the result 
of C-OH bending vibrations or O-H deformation, while the band at 1048 cm-1 was 
assigned to C–O stretching vibrations. The use of TEAH to produce RGO-based 
aqueous nanofluids produced noticeable differences in the spectra as seen in Figure 2 
(a, ii). The band located at 3241 cm-1 was identified as O-H stretching vibrations of 
adsorbed water molecules and also indicated the presence of structural OH groups.  
Moving to the right, the next band encountered is located at 2988 cm-1 and was 
assigned as C-H stretching vibration. Next are the bands located at 1611 cm-1 and 
1439 cm-1, which were assigned as C=C stretching vibration and C-H bending 
vibrations respectively. Also present in the spectra, which was not seen in the GO 
samples were the bands located at 1395, 1368 and 1332 cm-1 and were assigned as -
NO2 (aliphatic). The next band located at 1173 cm-1 was assigned as C-N stretching 
vibration and neighbouring 1002 cm-1 band was assigned to C-O stretching 
vibrations. The remaining bands located at 837, 783 and 667 cm-1 were assigned as 
C-H bending. 
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Figure 2. (a) FTIR spectra of (i) GO and (ii) RGO samples and (b) TGA of 
thermographs of (i) GO and (ii) RGO samples 
Thermo-gravimetric analyses (TGAs) of GO and RGO powders. 
The thermal stability and decomposition of GO and RGO powder samples was 
determined using TGA. A representative thermograph for a GO sample is presented 
in Figure 2 (b-i) and shows a three-step weight loss pattern that indicates a 
complicated decomposition process occurring over the 30 °C to 800 °C temperature 
range. The initial decomposition takes place between 30 and 200 °C. During this 
stage, there was a weight loss of around 6% and resulted from the evaporation of 
absorbed water molecules. Then starting at around 200 °C and ending at 295 °C there 
was a rapid weight loss. This weight loss was estimated to be around 29% and 
resulted from the pyrolysis of labile oxygen-bearing functional groups and oxygen-
containing groups like CO, CO2 and H2O. From 295 °C up to around 640 °C there 
was an additional weight loss of around 8%, indicating the further removal of smaller 
amounts of functional groups. Then around 640 °C there is a rapid weight loss of 
approximately 56%, and by 745 °C there was virtually no weight remaining. A 
representative thermograph for a RGO sample is presented in Figure 2 (b-ii) and 
shows a two-step weight loss pattern that is quite different from the GO sample. The 
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first step starts at 30 °C and continues to about 130 °C and is accompanied by a 
weight loss of around 19%. This weight loss was credited to the evaporation of 
absorbed water molecules. The second step occurred around 200 °C and resulted in a 
weight loss of approximately 71%. This dramatic step was due to the pyrolysis of the 
labile oxygen-containing groups like CO, CO2 and H2O, and the decomposition of 
absorbed TEA+ species present on the RGO sample. FTIR spectra presented in 
Figure 2 (a-ii) for RGO revealed the presence of oxygen-containing functional 
groups. These functional groups provide a large number of potential reactive sites 
that increase the ion exchange capacity between TEA+ ions in solution during 
treatment and H+ ions present in the functional groups still present on the surface of 
the RGO. Similar studies by Chang et al. using GO to remove 
Tetramethylammonium hydroxide (TMAH) from water found the oxygen-containing 
groups present on the surface of GO had a strong affinity for absorbing TMAH. 
Their study also revealed the ion exchange between TMA+ ions in solution and H+ 
ions of the oxygen-containing functional groups present on the surface of GO, as 
well as electrostatic attraction, were the factors contributing to the adsorption 
mechanism51. 
X-Ray diffraction spectroscopy  
XRD was used to investigate the crystalline structure present in the respective 
samples. Representative GO and RGO powder samples are presented in Figure 3. A 
typical GO XRD pattern is presented in Figure 3 (a) and displays the characteristic 
diffraction peak located at 2θ = 11.66°, which was attributed to the (001) crystalline 
plane of GO. The corresponding inter-layer spacing (d spacing) of powder samples 
were calculated using equation 1 below: 




 2 sin 𝜃
 (1) 
where dspace is the inter-layer spacing, λ is the X-ray source wavelength, and θ is half 
of the corresponding peak diffraction angle. The calculated inter-layer spacing for 
the (001) peak identified in the GO sample was found to be 0.758 nm. The 
diffraction pattern for the RGO sample revealed the (001) peak had disappeared and 
another, more intense diffraction peak appeared at a 2θ value of 24.50°. The intense 
peak was identified as the (002) peak for graphite, and the subsequent inter-layer 
spacing was calculated to be 0.363 nm, which is similar to the inter-layer spacing for 
pure graphite (0.334 nm). The larger inter-layer spacing of 0.758 nm for the GO 
sample results from the inclusion of oxygen-bearing functional groups and water 
molecules between the graphene layers produced during oxidation. The variation in 
the amount of oxidation taking place also explains the difference in 2θ (10 to 12.5°) 
reported in the literature52, 53. Importantly, the presence of the (002) peak and the 
inter-layer spacing of 0.363 nm in the RGO sample confirms TEAH does reduce GO. 
Thus, giving it a more graphitic-like character. The perpendicular dimension or 






where, λ is the wavelength of the monochromatic X-ray beam and crystallite shape 
constant k, which is 0.89 for spherical crystals with cubic unit cells. And β is the Full 
Width at Half Maximum (FWHM) of the peak at the maximum intensity, θ (hkl) is the 
peak diffraction angle that satisfies Bragg’s law for the (h k l) plane and D(hkl) is the 
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crystallite size. An estimate of the mean GO crystallite size for the (001) peak was 
calculated to be 12.53 nm. While the mean crystallite size for the RGO sample using 
the (002) peak was estimated to be 1.16 nm. The average number of graphene layers 
(n) per domain was calculated using results produced from equations (1) and (2) 




+ 1) (3) 
The results of equation 3 reveal a significant decrease in the number of graphene 
layers (n) present in the crystallite after chemical reduction with TEAH. The GO 
sample produced an n value of 18, while the RGO sample had a much lower n value 
of 4. The reduction in the n value can be attributed to the elimination of oxygen-
bearing functional groups and water molecules between the graphene layers during 
chemical reduction by TEAH. Also, the in-plane crystallite size (Lp) was expressed 
in terms of the in-plane periodicity peak in the respective XRD patterns using 





where θ is the diffraction angle of in-plane periodicity peak. From XRD pattern, the 
GO sample’s in-plane periodicity peak was located at 2θ = 38.42° and the in-plane 
crystallite size was calculated to be 38.22 nm. The RGO sample had an in-plane 
periodicity peak locate at 2θ = 37.22° that was used to calculated an in-plane 
crystallite size of 21.69 nm. The results of the XRD analysis are tabulated in Table 1 
and reveal a decreasing trend in inter-layer spacing (dspace), crystallite sizes (D(hkl)) 
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and in-plane crystallite sizes (Lp) for the RGO sample. This decreasing trend results 
from the removal of oxygen-bearing functional groups and water molecules that 
occur during the TEAH reduction of GO. 
Table 1. Experimental parameters derived from XRD and Raman spectroscopy 
analysis 




















GO 11.66 0.758 12.53 18 38.22 1319 1586 1.02 




Raman spectroscopy is a widely used technique to investigate and structurally 
characterise graphene-based materials. Figure 3 (b) presents representative Raman 
spectra of GO and RGO samples. The spectra for a GO sample is characterised by 
two main prominent peaks, a G band (1586 cm-1) and disorder-induced D band (1319 
cm-1). The G band is always between 1500 and 1630 cm-1 for all poly-aromatic 
hydrocarbons and results from the in-plane vibration of sp2 carbon atoms (E2g 
symmetry mode) 54. While the D band (the symmetric A1g mode) results from the 
disordered structures produced by extensive oxidation present in GO samples55. The 
RGO sample spectra also exhibits both G (1583 cm-1) and D (1328 cm-1) bands. 
Inspection of Figure 3 (b) and Table 1 reveals the ratio intensities (ID/IG) changes 
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from 1.02 in the GO sample to 1.17 in the RGO sample. Since the intensity ratio 
(ID/IG) is inversely proportional to the average size of the sp2 domains, the higher 
(ID/IG) ratio for the RGO sample indicates a smaller number of sp2 domains and a 
larger number of new graphitic domains being created55. This result confirms the 
results of Stankovich et al., that GO was indeed reduced by the presence of TEAH 
during synthesis and supports the XRD results, which indicated oxygen-bearing 
functional groups and water molecules were expelled during the chemical reduction 
of the GO structure. 
 
Figure 3. (a) XRD patterns and (b) Raman spectra of GO and RGO samples 
UV – visible absorption spectra and estimated optical band gap energies 
The UV–Visible absorption spectrum recorded for GO and RGO based aqueous 
nanofluids is shown in Figure 4 (a). The absorption peaks are typical of single-layer 
GO suspensions reported in the literature. The spectra is characterised by a main 
absorption peak, and a smaller shoulder peak. The main absorption peak for the 
nanofluids are located at wavelengths of 242 nm (GO) and 236 nm (RGO), and 
correspond to the π → π* transition of sp² poly-aromatic (C–C bonds) carbon 
structures56. The absorption peaks of the GO–based aqueous nanofluids are also blue 
shift when compared to graphene (270 nm). The shoulder absorption peak for the 
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nanofluids are located at wavelengths of 302 nm (GO) and 297 nm (RGO), and 
correspond to the n → π* electron transitions in carbonyl and carboxyl (C=O bonds) 
functional groups57, 58. This result was also confirmed by FTIR spectroscopy analysis 
which revealed the presence of oxygen functional groups. The absorption spectra 
also revealed a small shift in peak positions (5-6 nm), with wavelengths of the peaks 
being slightly less for RGO nanofluids. Thus, the changes in the absorption spectra 
indicate the use of TEAH to produce RGO has modified the chemical structure of 
absorbing species present on the original GO sheets. Interestingly, XRD data also 
confirmed the reduction of oxygen-bearing functional groups and water molecules 
between the graphene sheets when TEAH was usd to reduce GO. 
The π → π* and n → π* transitions were clearly defined for GO and RGO based 
aqueous nanofluids, and accordingly the optical band gap energies were calculated 
from the respective UV–visible absorption spectra and Tauc plots with linear 
extrapolation. The optical band gap energy (Eg) was extracted from the absorption 
coefficient using Tauc’s equation59: 
(𝛼ℎ𝑣)𝑛 = 𝐵(ℎ𝑣 − 𝐸𝑔 ) (5) 
where α is the absorption coefficient, hv is the incident photon energy, and B is 
material dependent constant, while parameter n denotes the character of the optical 
transition. For example, n = 2 represents indirect (I) transitions and n = ½ represents 
direct (D) transitions. Thus, plotting (αhv)n against the incident photon energy and 
extrapolating the linear region of the curve to the x-axis will give a value for the 
optical band gap energy. However, understanding the electronic band structure of 
GO is difficult due to its amorphous nature and non-uniform oxidation levels that 
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prevent a sharp adsorption edge in the Tauc plot. Instead, we see an approximate 
optical band gap energy range as seen in Figure 4 (b) and Table 2.  
Table 2. Band gap energy values (𝐸𝑔), indirect (I) and direct (D), obtained from 
Tauc plots of GO and RGO based aqueous nanofluids 
Sample 
Optical Band Gap Energies (eV) 
n = 2 (I) n = ½ (D) 
GO 3.4 to 4.4 2.2 to 3.4 
RGO 3.4 to 4.3 2.5 to 3.7 
 
Similar variations in the optical band gap energy have also been reported by Hsu et 
al. (2.9 – 4.4 eV) 60 and Kumar et al. (2.9–3.7 eV) 61. The variation in optical band 
gap energies reported in the literature results from different processing factors such 
as time and the degree of oxidation, chemical functionalization, which can 
significantly influence structural, electronic and optical properties of GO62.  
 
Figure 4. UV–Vis absorption spectrum of GO and RGO based aqueous nanofluids 
and (b) Tauc plot of (αhv)n versus photon energy (hv) for a RGO based aqueous 
nanofluid 
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Thermal conductivity and viscosity variations with increasing nanofluid 
temperature  
The thermal conductivity of Milli-Q® water as a function of temperature was 
measured, and the results were compared with literature values in order to establish 
and confirm the reliability and accuracy of the measurements63. The experimental 
results show good agreement with the reference data, since all measurements are 
within the maximum relative standard deviation of 3.5%. This result also verifies the 
accuracy of the KD2 Pro Thermal Properties Analyser and the reliability and 
consistency of the experimental procedure used for measuring the thermal 
conductivity of water-based fluids and nanofluids. As expected, the thermal 
conductivity of Milli-Q® water increased with increasing temperature (20 to 40 °C) 
as seen in Figure 5 (a). Before nanofluid measurements were made it was necessary 
to determine the influence of TEAH on the thermal conductivity of Milli-Q® water. 
Therefore, measurements of the stock solution (TEAH + Milli-Q® water) were 
carried out and discovered the supressing influence of TEAH on the thermal 
conductivity of the stock solution. Overall, the stock solution had a lower thermal 
conductivity than the Milli-Q® water. Initially, the reduction in thermal conductivity 
was 2.2% at 20 °C and steadily decreased to 4.3% at 40 °C as seen in Figure 5 (a). 
However, the GO-based aqueous nanofluid displayed a definite improvement in 
thermal conductivity. At 20 °C the nanofluids thermal conductivity was 0.594 W/m 
°C, which equated to an improvement of 5.33% compared to pure Milli-Q® water. 
With increasing temperature, the thermal conductivity increased to 0.668 W/m °C. 
This equated to an enhancement in thermal conductivity of 9.51% at 40 °C. 
Conversely, the thermal conductivity of the RGO-based aqueous nanofluid was 
overall lower than the Milli-Q® water. At 20 °C the nanofluid was 2.36% lower and 
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at 40 °C it was 9.23% lower compared to pure Milli-Q® water. This was due to the 
presence of TEAH suppressing the thermal conductivity of the RGO-based aqueous 
nanofluid, as was seen in Figure 5 (a). Similar suppression behaviours have also been 
reported for other dispersants and surfactants used to stabilise nanofluids 64.   
 
Figure 5. (a) Variation in thermal conductivity of GO and RGO nanofluids with 
temperature and (b) variation in nanofluid viscosity with temperature 
Several researchers have also reported improving nanofluid thermal conductivities 
with increasing temperature, and suggest increasing Brownian motions of the 
suspended nanoparticles as a possible mechanism.  Since increasing Brownian 
motions tends to promote micro-convection, which in turns enhances local mixing 65, 
66. In the case of the GO-based aqueous nanofluid there is clearly an increase in 
thermal conductivity with temperature and this mechanism would explain why it is 
occurring. However, in the case of the RGO-based aqueous nanofluid there was no 
improvement in thermal conductivity and instead there was a consistent suppression 
across the entire temperature range when compared to Milli-Q® water. This suggests 
the presence of TEAH in solution coates the suspended nanoparticles and suppresses 
thermal interactions between the nanoparticles and the surrounding fluid 
environment to significantly reduce the thermal conductivity of the nanofluid. 
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Figure 5 (b) presents the results of measuring kinematic viscosity of Milli-Q® water, 
stock solution, and GO and RGO based aqueous nanofluids as a function of 
temperature. Inspecting Figure 5 (b) reveals the viscosity of all fluids decreases with 
increasing temperature. The presence of TEAH in the water-based stock solution 
results in a 6.7% increase in viscosity compared to Milli-Q® water over the 
temperature range. While the kinematic viscosity of the GO-based aqueous nanofluid 
at 20 °C is 1.015 mm2/s, which is 3.6% higher than Milli-Q® water and at 60 °C is 
slightly higher at 5.1%. The difference in viscosity between the two fluids results 
from graphene oxide flakes being present in the nanofluid. The RGO-based aqueous 
nanofluid at 20 °C had a kinematic viscosity of 1.193 mm2/s, which was 21.7% 
higher than Milli-Q® water and at 60 °C is slightly higher at 22.7%. The higher 
viscosity seen in the RGO-based aqueous nanofluid resulted from two factors. The 
first factor being the presence of TEAH in the base fluid. And the second factor was 
the increase in surface area of the well-dispersed and suspended nanoparticles. Other 
studies have also confirmed that well-dispersed carbon-based nanofluids display 
higher viscosities compared to nanofluids with agglomerated and clustered 
nanoparticles 67. This was also reflected in the nanofluid stability measurements, 
which revealed the RGO-based aqueous nanofluid had an absolute zeta potential 
value of 47.6 mV even after six months in storage. Unlike the GO-based aqueous 
nanofluid which saw a reduction in the zeta potential of around 30% over the same 
six-month period.  
Photothermal response of GO and RGO based aqueous nanofluids  
The photothermal response of Milli-Q® water, stock solution, and GO and RGO 
based aqueous nanofluids as a function of time when exposed to a solar irradiance of 
1000 Wm-2 is presented in Figure 6 (a). Inspection of Figure 6 (a) reveals the 
Page | 262  
 
presence of TEAH in the stock solution gave a small photothermal response when 
compared to the pure Milli-Q® water control solution. Even after 20 minutes of 
exposure to solar irradiation the stock solution was only 0.6 °C higher than the Milli-
Q® water control solution. Therefore, the significant photothermal response seen in 
the GO and RGO based aqueous nanofluids was the result of their respective solid 
components. For instance, after 20 minutes exposure to solar irradiation the GO-
based aqueous nanofluid reached a temperature of 57.4 °C and was 10.9 °C higher 
than the pure Milli-Q® water control solution. While the maximum temperature 
reached by the RGO-based aqueous nanofluid reached 59.9 °C as seen in Figures 6 
(b) and (c) and equated to a temperature enhancement of 13.5 °C. These results 
clearly indicate the presence of small quantities of GO or RGO can significantly 
improve the photothermal response of the base fluid. Similar studies by other 
researchers have also shown that small quantities of various forms of carbon-based 
materials can also promote temperature enhancements comparable to the results of 
this study. For example, Han et al., using a 7.7% (vol.) carbon black-based aqueous 
nanofluid was capable of producing a 7.2 °C temperature enhancement compared to 
pure water 68. While Poinern et al., using a 0.04% (vol.) carbon nano-sphere based 
nanofluid reported an 8.1 °C temperature enhancement compared to pure water 69. 
Both GO and RGO based aqueous nanofluids synthesised in the present work have 
shown good photothermal responses. In particular the RGO-based aqueous nanofluid 
exhibits a higher temperature enhancement (13.5 °C) making it an ideal candidate for 
solar thermal applications. Furthermore, TEAH not only reduces GO to form a more 
graphitic material (RGO), TEAH also assists in producing a highly stable nanofluid. 
Even after six months its zeta potential was 47.6 mV and showed no signs of 
sedimentation.  
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Figure 6. (a) Photothermal response of base fluids, GO and RGO nanofluids and (b-
c) thermographs of RGO-based nanofluid taken over 20 minutes while exposed to 
solar irradiation 
Conclusion  
GO was reduced by TEAH under the influence of ultrasonic irradiation to produce 
RGO. Both GO and RGO were characterised using a variety of advanced 
characterisation techniques to determine the initial physiochemical properties of GO 
and to determine resulting graphitic nature of the synthesised RGO. Characterisation 
studies revealed oxygen-bearing functional groups and water molecules were 
expelled during the chemical reduction of the initial GO structure. Changes identified 
in the FTIR and XRD studies, and small changes in the optical band gap also 
confirmed structural modifications and differences in functional groups were 
generated by TEAH as it reduced GO to form RGO. Thermal conductivity 
measurements revealed GO based aqueous nanofluids had a 9.5% enhancement at 40 
°C compared to Milli-Q® water. Whereas RGO based aqueous nanofluids showed a 
decrease in thermal conductivity of around 9.2% compared to Milli-Q® water. 
However, the RGO-based aqueous nanofluid showed the largest photothermal 
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enhancement of 13.5°C, while GO-based aqueous nanofluids displayed a 10.9°C 
enhancement compared Milli-Q® water after 20 min exposure to a solar irradiance. 
Both nanofluid types were found to have good long-term stability, with the GO-
based nanofluids having a zeta potential of 30.3 mV and RGO-based nanofluids 
having a value of 47.6 mV after six months. Therefore, the good dispersion stability 
and photothermal performance makes both nanofluid types very promising working 
fluids for low-temperature direct absorption solar collectors. However, the higher 
thermal conductivity (9.5%) of the GO-based aqueous nanofluid makes it the most 
promising candidate for direct absorption solar collectors. 
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